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GENERAL INTRODUCTION 
The economic yield of agricultural plants Is determined 
by the genetic potential of the genotype and the interaction 
of this genotype with a wide spectrum of environmental factors. 
Crop yield may be considered the net result of the integrated 
effects of day-to-day changes in the level of these environ­
mental factors during the growing season. The water factor in 
the crop ecosystem plays a leading role in yield determination 
in many regions of the world and for a wide range of species. 
The problem of environmental water deficits, rather than 
excessive precipitation, will be the subject of this disserta­
tion. The importance of seasonal water deficits and the re­
sultant water stress conditions in crop production has long 
been recognized. The accurate measurement and evaluation of 
the effects of plant water stress as a major production factor 
has not met with the same degree of attention as has been 
given the other factors of production. In part, this has 
been due to the seemingly complex nature of plant water rela­
tions under field conditions. 
In a great many crop-weather studies reported in the lit­
erature the use of variables such as precipitation, tempera­
ture and humidity have been employed to characterize the water 
environment. The internal water balance of the crop canopy is 
a function of these and other variables, and is more directly 
related to the activity of many physiological processes in the 
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plant. In considering the effects of environmental water 
deficits on production the use of plant water stress para­
meters as measures of these external deficits should provide 
a more meaningful assessment. 
The factors governing the internal water balance of plants 
under field conditions are now more completely understood with 
the introduction of energy concepts to explain the phenomenon 
of water movement. In the light of these concepts the present 
work was carried out to investigate the response of soybeans 
to the external water environment. The dissertation is pres­
ented in four parts, the central aim of all being a more 
complete understanding of the water factor in soybean produc­
tion. The techniques employed could well be applied to a wide 
range of other agricultural crops. 
In Part I the interaction of the level of soil moisture 
supply in the root zone and the evaporative demand of the 
atmosphere in controlling the daily internal water balance of 
the crop canopy under field conditions was investigated. 
In Part II the influence of water supply and demand in 
controlling évapotranspiration under field conditions was in­
vestigated. The relationship between internal plant water 
deficit and daily évapotranspiration rate was evaluated in 
terms of the water supply-demand interactions. 
In Part III the response of soybeans to internal water 
deficits was studied in terms of photosynthesis, vegatative 
growth and reproduction. From these data the relative effects 
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of water stress on yield at various stages in the growth cycle 
were evaluated. 
In Part IV an index of the effects of water stress on 
crop yield was developed, and the degree of association of 
this index with the annual yield of soybeans investigated. 
This index was based on daily estimates of the internal water 
balance of the crop canopy. The relationships established in 
Parts I through III were employed in the estimation of these 
data. 
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PART I. ENVIRONMENTAL CONTROL OF CROP WATER RELATIONS 
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INTRODUCTION 
The internal water status of a plant community on a day-
to-day basis during the growing season has a profound effect 
on growth, development, and economic yield. The diurnal march 
of the water status of a crop canopy on any one day is a 
function of soil moisture conditions in the root zone and 
the prevailing meteorological conditions in the atmosphere 
close to the crop surface. Modem developments in the funda­
mental approach to soil-plant-atmosphere water relations has 
made possible the application of physical principles to this 
complex problem. 
In Part I the influence of environmental factors in the 
soil and in the atmosphere, on the internal water balance of 
soybeans on a diurnal and day-to-day basis will be described. 
Specifically, the objectives were as follows: 
1. To evaluate the diurnal march in the internal water 
balance of a field soybean canopy as a function of selected 
environmental conditions; 
2. To investigate the effects of soil water potential in 
the root zone on the water balance at the time of maximum leaf 
water content (early morning) and at minimum leaf water con­
tent (mid afternoon); 
3. To Investigate the influence of a range of atmos­
pheric conditions, and thus, the rate of transpiration, on 
the daily minimum leaf water content, under non-limiting soil 
6 
moisture conditions; 
4. To describe the combined effects of soil moisture 
supply and atmospheric demand in determining the dally Internal 
water balance and from these data develop an empirical equa­
tion to allow estimation of the water balance of a canopy from 
soil moisture and meteorological data. 
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REVIEW OP LITERATURE 
A brief review of the current concepts of water relations 
in the soil-plant-atmosphere continuum will be presented first. 
Van Den Honert (ll4) analyzed the process of water transport 
in terms of Ohm's Law. Taylor (106) presented an equation, 
based on an enlarged and improved analysis, for the net flux 
of water (dm/dt) from the soil to the atmosphere through the 
plant where 
dm = E —E — E —E — E —E — E —E 
dt r r r r 
r X e a 
where r^, r . r , and r are the resistances of the roots, 
r' X e a 
xylem, leaf, and gaseous phase, and E^, E^, E^, E^^ are the 
corresponding potentials with respect to pure water, and E^ 
the soil water potential. Water moves in response to the 
potential gradient and the flux is proportional to the magni­
tude of the gradient. The equation describes the steady state 
condition where the flux of water is the same through each 
part. 
Slatyer (99) describes the base level of leaf turgor or 
water potential as the condition in the plant that exists when 
potential gradients have been removed and the plant is in 
equilibrium with the soil water potential in the root medium. 
Under conditions of low evaporative demand, the early morning 
value of water potential under field conditions will often 
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approximate this base level of water status. In any one 
species, at a certain stage of growth, the soil moisture po­
tential with which the plant is in equilibrium has a direct 
Influence on the absolute level of the equilibrium potential 
in the plant. Gardner (39) presents some experimental ob­
servations on the diurnal variation in leaf water potential. 
These data show the leaf potential following a 12 hour dark 
period in a greenhouse to be in close agreement with the soil 
water potential, indicating the equilibrium condition. 
Slatyer (99) reviews the processes which contribute to 
the diurnal variation In water status which Is superimposed 
on the base level of turgor (which may or may not be present 
prior to sunriseX These turgor changes are caused mainly by 
the change In the Internal water content of the plant which 
results from a lag of water absorption behind transpiration. 
Transpiration Is basically a passive physical process deter­
mined by 
1. the amount of energy input to supply latent heat 
demand 
2. the availability of water at the evaporating sur­
faces 
3. the existence of a transfer mechanism to move the 
water vapor from the evaporating surface to the atmospheric 
sink. 
An increase in the rate of transpiration, which is co­
incident with the diurnal Increase in evaporative demand. 
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causes a decrease in turgor pressure of the upper leaves, the 
development of water potential and hydrostatic gradients 
through the plant from the evaporating surfaces of the leaves 
to the absorbing surfaces of the roots, and an unavoidable 
lag of water absorption behind transpiration. The degree of 
lag, which determines the pattern of turgor changes in the 
plant, thus depends on the quantity of water involved in the 
two processes. The quantitative lag of total absorption be­
hind total transpiration increases during the day. With a 
decrease in transpiration rate in the afternoon the absorption 
lag is reduced and the water deficit in the leaves decreases 
accordingly. When the water deficit reaches a critical value 
characteristic for the species, the environmental conditions 
during development and the age of the leaf, turgor-induced 
changes in stomatal aperture occur (Ketellapper, 55). These 
changes cause an increase in the resistance to transpiration 
in the gaseous phase. The resultant reduction in transpira­
tion serves to prevent or limit dessication rather than to 
maintain flow at the level of the evaporative demand. 
Reduced soil moisture conditions accentuate the absorp­
tion lag through the effect of a rapid increase in soil mois­
ture potential and the associated decrease in capillary con­
ductivity. Gardner (36) presents a detailed treatment of this 
phenomenon. Slatyer (99) observes that although the capillary 
conductivity of the soil at high soil moisture tensions, and 
the permeability of the root to water may limit transpiration. 
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the primary factor responsible for the initial increase in 
leaf water potential was the transpiration rate itself. 
A number of workers have reported on the diurnal varia­
tion in plant water status as a function of environmental 
conditions. Werner (123), using relative turgidity as defined 
by Weatherley (120) as a measure of plant water status, inves­
tigated these effects in field potatoes. He reported a strong 
relationship between evaporation from black atmometers and the 
magnitude of the daily range in relative turgidity. These 
data are in close agreement with modern concepts. Werner ob­
served that the first signs of wilting in potatoes occurred at 
relative turgidity levels of 82-83 percent. In artifically 
watered desert trees, Slatyer (102) reports a strong relation­
ship between the mid afternoon relative turgidity level and 
the open pan evaporation on the day of measurement. Barrs (7) 
evaluated the daily range of relative turgidity as a function 
the dawn RT value and the daily net radiation in peanuts. He 
concluded that both aerial and soil factors affect the magni­
tude of the daily water deficit. 
Weatherley (121 ) observed that at high levels of soil 
moisture there was a strong negative correlation between the 
mid afternoon (and the dawn) value of relative turgidity and 
the evaporation rate over the preceeding 24 hours. At a cer­
tain critical level of soil moisture these correlations broke 
down. He concluded that under these circumstances, soil fac­
tors became at least as important as aerial factors. In a 
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recent comment on the use of Internal plant water stress para­
meters as guides to irrigation requirements, Slatyer (lOO) in­
dicated that mid afternoon deficits are a function of soil 
water potential and the amount of transpiration during the 
day. Namken (71) has recently investigated the effects of 
soil and atmospheric moisture factors on the daily variation 
in relative turgidity of cotton. A multiple regression equa­
tion containing percent soil moisture (by volume), ambient 
temperature and pan evaporation was associated with 87.5$ of 
this daily variation. These studies provide strong evidence 
in support of the modern concepts of soil-plant-atmosphere 
water relations which were outlined previously. 
Hewlett and Kramer (48) have reviewed the various para­
meters which have been proposed to measure the internal water 
content of broadleaf plants. Relative turgidity, as proposed 
by Weatherley (120) in 1950, has now gained wide acceptance as 
an accurate and reproducable water stress parameter. In 
general terms, the relative turgidity of a leaf or leaf 
sample is the weight of water in the fresh leaf sample ex­
pressed as a percentage of the weight of water in the sample 
after floating on water for a certain period under standard 
conditions. Barrs and Weatherley (8) recently re-examined the 
technique and recommended various precautions necessary to 
improve the accuracy and reproductibility of the method. 
This method of measuring leaf water deficits has a number of 
advantages, including accuracy and reproducibility of re-
12 
suits. Independent of a changing dry matter base (120). A 
strong relationship between relative turgidity and leaf water 
potential exists for many species (37, 122, 124). Gardner 
(39) has used this relationship to estimate diurnal water 
potential changes from relative turgidity data. 
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EXPERIMENTAL 
Relative Turgldity Technique 
Relative turgidity, as proposed by Weatherley (120 ) and 
Barrs and Weatherley (8), has been used as a measure of inter­
nal leaf water content in this research. A number of modifi­
cations to the above method were necessary. Leaf samples were 
removed from upper exposed mature leaves of the canopy. The 
center leaflet in each trifoliate leaf was always selected for 
sampling. A triangular section of leaflet was cut with 
scissors 4 cm. from the leaf tip. Each sample consisted of 
four such leaf sections from four different plants. The sam­
ples were placed as rapidly as possible into polystyrene vials 
with friction caps. The vials were then weighed in the labo­
ratory to an accuracy of - 0.0005 gm. Immediately after 
weighing the four leaf sections of each sample were floated 
on distilled water in clear plastic petri dishes (diameter 
15 cm.) with the top side of the leaf uppermost. The sam­
ples were floated for l6 hours at room temperature ranging 
from 24-26°C. The dishes were illuminated with 100 foot-
candles of light from flourescent tubes throughout the float­
ing period. The samples were then removed (next morning) from 
the distilled water and blotted, using absorbent filter paper. 
This operation was carried out in a standard manner, the cri­
teria of dryness being the absence of a water sheen on the 
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leaf surface. The samples were again weighed in the vials, 
dried at 75°C for 2 hours and weighed again after cooling. 
The relative turgidity (RT) is calculated from these data as 
follows : 
RT = (W^ - W^) 100 (2) 
(Wg - W^) 
where = weight fresh leaf sample plus vial 
Wg = weight turgid leaf sample plus vial 
» weight dry leaf sample plus vial 
The time required for the leaf sections to come to full 
turgidity during soaking was of the order of 2-3 hours with 
non-wilted leaves, and 4-6 hours with extremely wilted leaves. 
The l6 hour period utilized in this work was thus sufficient 
time to allow full turgidity to develop, and was adopted 
mainly because of convenience. 
Diurnal Variation in Relative Turgidity 
The diurnal variation in relative turgidity was measured 
in a normal field of soybeans (variety Hawkeye), planted in 36 
inch rows with a N-S orientation, at a population of 120,000 
plants per acre. The plot measured l8o ft. by 80 ft. The 
area was surrounded by soybeans (to the south and east) and 
corn (to the north and east). The measurements were made on 
two subplots within the above area representing two levels of 
profile soil moisture. 
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To obtain similar canopies at two levels of soil moisture 
on the same day under field conditions (i.e. to avoid the 
differential effects on growth of prior water stresses) it was 
necessary to cover the area to be sampled with a 20 ft. x 20 
ft. plastic tent during precipitation periods for 3 weeks 
prior to the date of sampling (8-18-1964). In this manner 
soil moisture was reduced to 32^ of the available water con­
tent in the top four feet of the profile. On the day prior to 
the day of sampling one half of the area was watered to field 
capacity. 
Two composite RT samples (each comprising four leaf sec­
tions, one section from each of four plants within each soil 
moisture level) were taken randomly from the upper exposed 
leaves of plants within each soil moisture treatment. The 
samples were taken each hour, on the hour, from 0600 to 1900 
hours C.S.T. 
Net radiation was measured at a height 50 cm. above a 
nearby well watered soybean crop using two Thornthwaite min­
iature net radiometers. The output was recorded on a Honey­
well strip chart potentiometer located in an instrument 
trailer. Solar radiation was measured at the Agronomy De­
partment, one mile north-west of the experimental plot. 
Relative Turgidity in Relation to External Factors 
The evaluation of plant water status as influenced by a 
predetermined range of soil water potentials on the same day 
l6 
under normal field conditions is a difficult and virtually 
impossible task. The control of soil moisture at any level 
other than field capacity to obtain a predetermined potential 
uniformity throughout the root zone is the limiting factor in 
this regard. The solution to this problem adopted here has 
been used by Denmead and Shaw (22) in a study of transpira­
tion in corn at a range of soil moisture levels. The soybean 
plants were grown in 20 gallon garbage cans or potometers at 
a high population in a simulated field environment. The use 
of these potometers allowed the plants to develop a dense 
root system throughout a restricted soil volume. The large 
leaf area associated with each potometer and the small soil 
volume insured a rapid loss of water by transpiration. By 
strategic watering it was possible to provide a number of 
potometers, at a range of average soil moisture potentials, 
for the measurement of water status in the leaves on any one 
day. Soil moisture control, independent of rainfall was 
facilitated by use of an automatic rainfall shelter pre­
viously described by Horton (51). A diagram of the physical 
layout of the experimental area is given in Figure 1 (after 
Horton). 
Layout and treatments 
The experiment was designed to allow the sampling of up 
to 40 potometers at a range of soil moisture levels, on any 
one day, during the experimental period from 7-9-1964 to 
SHIED MOVING LIMIT RAIN GUTTER 
FOR ACTIVATION 
MECHANISM 
SWITCHES TOWARD 
EXPERIMENTAL 
PLOTS 
too FT OFT RAIL TIES 
LIMIT SWITCH 
ACTIVATORS ' I 7 F T  
AUTOIVIATIC PLOT SHELTER 
Figure 1. Diagram of automatic plot shelter and related structures, showing ex­
perimental area (48 feet x 17 feet) within which potometers were 
situated 
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8-19-1964. A total of 198 potometers were Installed within 
the confines of the area covered by the shelter during rain­
fall periods. In this experiment, 110 of these potometers 
were utilized for daily measurements in 1964, the remainder 
were used in the experiment described in Part III. The lay­
out of these potometers is shown in Figure 2. 
The starting date of the experimental period (7-9-64) 
coincided with first flowering in the lower nodes of the 
plants. At this stage of growth the plants were I8 inches 
high, with 7 trifoliate leaves unrolled. At the end of the 
experimental period (8-19-1964) the plants had grown to a 
maximum mean height of 46 inches, with pods well developed 
in the upper nodes of the s "-.em. A more detailed description 
of phenological development during 1964 is presented in Part 
III. 
Within the experimental period, each week formed a sub 
period. Irrigation was withheld from 6 potometers on each 
day beginning Friday of the week prior to the week in ques­
tion. In this manner, transpiration reduced soil moisture 
differentially throughout the sampling sub period. According 
to the number of potometers available over a sufficient soil 
moisture range, various days were chosen for sampling be­
ginning Monday of each week. Rapid changes in weather con­
ditions associated with frontal activity and natural varia­
tion in transpiration rates combined to interfere with the 
experimental plan to some extent. One composite leaf sample 
Figure 2. Diagram of the layout of the potometers within 
the confines of the experimental area shown in 
Figure 1. Guard rows were grown outside the 
area covered by the shelter during rainfall 
periods 
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for relative turgldity was taken from each potometer during 
the period from l400-l430 hours C.S.T. In 1963, similar com­
posite samples were taken at 0700-0730 hours over a similar 
range of conditions of soil moisture content. Some field data 
of RT measured at 1400 hours in a normal canopy of soybeans 
was obtained in 1965. The soil moisture in this case was 
always maintained at field capacity by regular irrigations 
using perforated garden hoses. 
Soil and soil treatment 
Nicollet loam was chosen as a representative soil type 
with intermediate soil moisture characteristics for the re­
gion. Shrader (98) described the soil series and the soil 
type, and gave various chemical and physical attributes. The 
soil has a clay content of30^ and a field bulk density 
approximating 1.30 gm cc below the plough layer. The soil 
is generally fertile, soybeans not usually responding to 
moderate applications of phosphorous and potassium (67). 
The bulk sample used in the potometers was obtained from 
the area officially designated as ranges 1700-I800 at the old 
Agronomy Farm, Iowa State University. A homogenous area (pre­
viously cropped to corn) was chosen. The area was thoroughly 
mixed to a depth of 8 inches using a tractor-mounted roto-
tiller. Approximately 25 tons of soil was stripped off and 
trucked to the experimental area. Prior to the filling of the 
potometers the bulk soil was levelled and again mixed with a 
22 
hand rototlller. 
The sides of each container were lined with polyethylene 
and the bottom treated with a tar base rustproof paint to 
prevent zinc toxicity from the galvanizing. A hole I- Inch 
In diameter was punched In the center of the bottom of each 
container. A one Inch layer of gravel (3/8 Inch size) was 
placed In the Dottom of each container. The soil was added 
to each potometer In Increments and settled by watering. In 
this manner an even packing was facilitated. A steel conduit 
access tube (5 ft. long, l|- Inches diameter) for a neutron 
moisture probe was Installed In the center of each can during 
the filling operation. A cross sectional diagram of a poto­
meter Is presented In Figure 3« The potometers were Installed 
In trenches (depth 24 Inches) so that the soil level In the 
container approximated the soil level In the surrounding area. 
The bottom of the trenches were covered with a 2 Inch layer of 
gravel to facilitate free saturated flow away from the con­
tainers. The potometers were prepared In May 1963 for use In 
the 1963 experiments. The same arrangement was used In 1964 
experiments, of which this section is a part. 
Cultural practices 
The potometers were surface cultivated prior to planting 
(5-22-1964). Eighteen seeds of Hawkeye variety (adapted to 
Central Iowa) were planted in a circle equidistant from the 
access tube to the edge of the can. The seedlings were 
23 
NEUTRON METER 
^ ACCESS TUBE (5FT) 
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cn 
20.5 24 
</) > 
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Figure 3. Cross-sectional diagram of a potometer installed In 
the 24-inch trench, showing location of gravel 
layers, neutron meter access tube, and the depth 
of the soil profile 
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thinned to 12 plants per can after emergence. This popula­
tion is equivalent to 300,000 plants per acre calculated on 
the surface area of each can (1.764 square feet). The normal 
field population of soybeans in the region approximates 
110,000 plants per acre. A phosphorus-potassium fertilizer 
was applied to each potometer prior to planting at the rate 
of 50 lbs per acre of each element and a side dressing of 25 
lbs, four weeks after emergence. After thinning the soil 
surface was covered with a one inch layer of gravel to limit 
evaporation from the surface. At later stages of growth the 
soybeans were prevented from lodging by the use of wire 
retainers. Before the experimental period began the devel­
opment of the root system was encouraged by withholding 
irrigation for periods of 5-6 days, with care taken to avoid 
the development of severe water stress. This process also 
contributed to the "hardening" of the leaves already formed. 
Soil moisture measurement 
Soil moisture was measured in the center of the soil 
volume, 10.5 inches below the soil surface. Duplicate neutron 
meter readings were taken at this depth whenever time per­
mitted. Standard readings were taken between each potometer 
measurement, in the paraffin standard supplied by the manu­
facturer. The depth type soil moisture gauge (P. 19, Nuclear-
Chicago) was connected to a model 2800 counter with a modified 
timing device (Pritschen, 32). The counting period for each 
25 
reading was 49 seconds. For all meter data the standard count 
for each day was obtained as the mean of all standard readings 
taken on that day. The ratio of soil count to mean standard 
count was used in all calculations and the calibration pro­
cedure . 
Calibration of the depth probe was necessary since the 
factory calibration curve had no relation to observed soil 
moisture characteristics. Twelve potometers at different 
levels of soil moisture were monitored with the depth probe 
in 2-inch increments from 9-17 inches. Gravimetric soil 
moisture and bulk density determinations (using brass rings 
3 inches in diameter and 2 inches high) were obtained by ex­
cavating the potometers and sampling in 2-inch increments 
from 7-19 inches. The count ratio (counts per 49 seconds 
divided by mean standard count) was calibrated against the 
mean volumetric soil moisture percentage of the sampling in­
crements above and below each probe reading. These data are 
presented in Figure 4. The sample standard error of + 0.07 
ratio units is equivalent to 1.46# soil moisture. The 
escape of neutrons when soil moisture readings are taken near 
the surface can cause serious errors of estimation with this 
type of probe. The results of neutron meter readings (con­
verted to soil moisture percent from the equation in Figure 4) 
through the profile of a selected potometer are compared to 
actual gravimetric estimates (converted to volume percent 
using the appropriate bulk density for each layer) in Figure 5» 
Figure 4, Calibration curve for Nuclear-Chicago neutron 
moisture meter (Probe No. Il6). Meter readings 
were calculated by dividing the mean of dupli­
cate readings at each depth by the mean dally 
standard count (C.P.P. = counts per period of 
49 seconds). Soil moisture data was obtained 
as the mean of the 2-inch sampling increments 
above and below each meter reading 
27 
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The disparity in the surface 9 inches is clearly indicated. 
Readings taken at 10.5 inches were comparatively free of this 
error. 
Soil potential-so11 moisture content relationship 
This relationship was evaluated using a highly repres­
entative sample of the soil in the potometers. Four composite 
samples were prepared, each composed of 50 gms. of air dry 
soil from each of 20 randomly selected potometers. The pres­
sure membrane apparatus (83) was used to equilibrate samples 
with 15, 10, 5, 3> 2 and 1 atmospheres of pressure. The 
pressure plate equipment (84) was used for the 0.33 and 0.10 
atmos. determinations. The gravimetric data were converted 
to volume percent using an average bulk density of 1.34 gms,/ 
cc. for the soil in the potometers. The results are presented 
in Figure 6. The log transform gave an excellent fit to the 
data (r^ = O.98). The average matric potential of the soil 
in the potometers was estimated using the neutron meter 
estimate of the soil moisture in the center of the soil volume 
and the equation shown in Figure 6. Soil moisture is reported 
in the results section as the percent "available", scaled be­
tween 15 atmospheres and 0.33 atmospheres. The choice of O.33 
atmospheres as the field capacity was based on the level of 
soil moisture commonly observed in the centre of the poto­
meters 12-24 hours after saturation. 
Figure 6. Soil laatric potential plotted as a function of 
volumetric soil moisture content. The data 
points represent replications of the determina­
tions at each level of pressure: determinations 
at I-15 atmospheres by pressure membrane apparatus 
(83), 0.10 and 0.33 atmospheres by pressure plate 
apparatus (84) 
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Meteorological observations 
The measurement of various components of evaporative 
demand was necessary to characterize the atmospheric condi­
tions influencing relative turgidity in the plant canopy. 
Daily net radiation at a height of 50 cm above a soybean 
canopy and solar radiation were measured throughout the ex­
perimental period as described in the previous section. 
Daily evaporation from a Class A, Weather Bureau evaporation 
pan was measured at the Agronomy Farm, 2 miles from the ex­
perimental site. Wet and dry bulb temperature readings were 
taken at noon each day using an aspirated psychrometer at 
screen height at the experimental site. In 1965# dally 
evaporation from two Bellani plates was measured at a 
height of 1 metre in a grassed area adjacent to the experi­
mental area. 
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RESULTS AND DISCUSSION 
Dlumal Variation 
The diurnal variation in relative turgidity at two levels 
of soil moisture in a normal field of soybeans is shown in 
Figure 7# along with the meteorological conditions on the day 
of measurement. The purpose of this study was to evaluate 
the time of day at which the daily minimum leaf turgor was 
most likely to occur. Observations in the summer of 1963 
indicated that the period from 1400-1500 hours was close to 
the time of the daily minimum relative turgidity. These ob­
servations are supported by the 1964 data shown in Figure 7. 
Under conditions where meteorological factors change rapidly 
during the day this assumption may be in error to some extent. 
The data indicate some of the relationships outlined in the 
literature. The early morning value in both treatments was 
relatively high, indicating recovery of turgor during the 
night. Soil moisture stress has caused a much lower RT 
throughout the day with a minimum of approximately 80. The 
rise in the relative turgidity in the afternoon and early 
evening is associated with a reduced evaporative demand, 
which reduces the absorption lag. The period from 13OO-16OO 
hours shows a levelling out of the turgor values, particu­
larly in the low soil moisture treatment. This is indicative 
of the protective effects of stomatal closure in the stress 
Figure 7. Diurnal variation in RT of the upper exposed 
leaves of a normal field soybean canopy at two 
levels of profile soil moisture on the same 
day (8-18-64). Solar radiation fgm. cal. hrT^) 
and net radiation (gm. cal. hrT^) (measured at 
height 50 cms, above soybean canopy), vapor 
pressure deficit, and maximum temperature are 
shown in bottom portion of figure 
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treatment. Data presented In Part II indicate that stomatal 
closure occurs very rapidly over the RT range from 86-83 in 
this species under field conditions. The assumption of max­
imum water deficits at 1400-1430 hours, which was based on 
these and other observations, is supported by various workers 
(7, 71, 102, 103, 121, 123). 
Relative Turgidity - Soil Matric 
Potential Relationships 
Relative turgidity is plotted as a function of soil 
matric potential and available soil moisture percentage for 
early morning (0700-0730 hours), and mid afternoon (l400-l430 
hours), in Figures 8 and 9 respectively. 
The early morning data, while not sampled prior to sun­
rise when equilibrium is most likely to occur, do give some 
estimation of this condition. The data points in Figure 8 
represent the mean RT measured at that level of soil moisture 
content over 14 days sampled during 1963. Establishment of 
equilibrium requires that sufficient time has elapsed during 
the nocturnal period to allow water potential gradients in 
the soil-plant system to be eliminated. When equilibrium has 
been established, the water potential of the leaves will, of 
course, be directly proportional to the effective soil water 
potential in the root zone. Assuming that leaf water poten­
tial and relative turgidity are related linearly, or nearly 
so, then a linear relationship between soil potential and 
Figure 8. Relative turgidity (mean of morning data in 
1963) plotted as a function of percent available 
soil moisture and soil matric potential. The 
linear regression data of RT on soil matric 
potential is shown, the top curve is drawn from 
this regression line by use of soil moisture 
content-soil potential curve in Figure 6 
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relative turgldlty at equilibrium Is to be expected. The data 
In Figure 8 shows mean morning RT to be linearly and nega­
tively related to soil matrlc potential as estimated by the 
neutron meter and the water content-matrlc potential relation­
ship. 
The relationship of relative turgldlty In the top leaves 
of soybeans to the estimated average matrlc potential In the 
root zone, measured In the mid afternoon Is plotted In Figure 
9. In this case a linear relationship Is also evident. These 
data were obtained on a cool cloudy day (7-30-64) during the 
experimental period. Linear regression data for 15 days 
sampled during the experimental period at l400-l430 hours Is 
presented In Table 1. In all cases the linear term was 
significant, with the quadratic term significant on only 
three of these days. If one assumes, from the limited Infor­
mation reported here, that a linear relationship exists be­
tween soil matrlc potential (at least over the range 0-5 
atmospheres) and the RT at the assumed equilibrium point, 
then it Is reasonable to expect a similar relationship to 
exist for the dally minimum RT value on any one day. Where 
the RT range covers the critical value of stomatal closure, 
some deviation from linearity may be the case, but this is 
not evident from the data presented here. The differences in 
the slope of the regression lines for each day show some 
relationship to the atmospheric demand level, greater demand 
(measured by open evaporation) being associated with smaller 
43 
Table 1. Simple regression data (Y = a + bX) for RT at 1400 
hours (Y) as a function of average soil matric 
potential (X) for 15 days during experimental 
period in 1964 
Date n^ a b r2 s 
y.x 
Ep** 
mm.24 hrsT^ 
7-17 37 86.67 -4.01 0.78 2.33 8 .9  
7-20 26 90.42 -3 .68 0.92 1.58 6.4 
7-22 37 87.66 -2.75 0.66 2.50 8 .9  
7-23 39 87.39 -3.50 0.67 3.22 8.4 
7-24 26 86.66 -3.59 0.64 4.17 7.6 
7-29 32 90.65 -4.64 0.75 3.22 8.4 
7-30 32 96.59 -5 .28 0.83 3.18 3.0 
7-31 27 93.51 -6.41 0.71 4.99 4.6 
8-3 12 96.88 -4.02 0.52 1.72 2.8 
8-4 29 88.65 -3.69 0.76 2.61 4.8 
8-6 27 102.19 -5.99 0.63 5.46 3.5 
8-7 29 93.65 -6.33 0.75 4.44 5.8 
8-13 15 98.93 -5.48 0.54 5.33 2.8 
8-18 12 91.33 -3 .29 0.63 5.16 4.1 
8-19 12 90.95 -4.25 0.65 6.52 5.3 
•Number of potometers sampled each day. 
••Open pan evaporation 
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regression coefficients (b values). This phenomena will be 
discussed in the following section. 
Relative Turgidity in Relation to Transpiration 
At low soil potentials, i.e. at field capacity, the 
effect of soil factors controlling the rate of water absorp­
tion and hence the lag of absorption behind transpiration, 
will be at a minimum. Slatyer (99) considers the degree of 
the absorption lag and hence the quantitative difference in 
the amount of water involved in the two processes, to be the 
causal factor in the development of diurnal water stresses 
(coincident with increased transpiration during the day). 
Prom these conclusions it follows that the quantity of water 
involved in transpiration during the day, where the soil is 
maintained near field capacity (capillary conductivity at a 
maximum), should be negatively related to the degree of turgor 
in the plant canopy. 
In 1964, the results of measurements of soil moisture 
and RT on a series of potometers maintained at or near field 
capacity throughout the experimental period, were available 
for investigation of the above relationship. D^ily potometer 
transpiration was measured as the difference in the soil water 
content of a potometer from 1700 hours to 17OO hours on the 
next day. At this time the majority of transpiration losses 
for the day in question had already occurred. Relative 
turgidity samples were taken at the usual time of l400-l430 
45 
hours (at the assumed daily minimum), in the upper exposed 
leaves of the canopy in each potometer. On any one of the l6 
days on which transpiration and RT data were available, from 
3-23 potometers were available for analysis, where the soil 
was at or near field capacity at the beginning of each daily 
period. A total of 123 measurements of daily transpiration 
rate and the corresponding RT data were thus obtained. These 
data were grouped according to the magnitude of the transpira­
tion loss, in ranges of 0.05 inches from 0.0 to 0.8 inches 
per potometer per day. The mean RT for all potometers with 
transpiration losses within each of these ranges is pres­
ented in Figure 10. The vertical lines in the figure repres­
ent two standard deviations of the mean for each range. 
Transpiration during the day decreased the soil water 
content below field capacity (^3^.0^ or—0.33 atmospheres), 
the maximum potential developed on days with high evaporative 
demand was of the order of 0.7 atmospheres. Thus, although 
in some cases soil conditions may have limited absorption, it 
can be assumed that the majority of these data were obtained 
over a very narrow range of soil potentials. 
Under these circumstances RT at l400 hours shows a 
strong, almost linear, relationship to the amount of trans­
piration up to 1700 hours. Although the dally transpiration 
rate was not measured at 1400 hours, these data strongly 
support the conclusions of Slatyer (99) regarding the rela­
tionships between transpiration, absorption and the internal 
Figure 10. Relative turgidity at 1400 hours in the poto­
meters plotted as a function of the daily poto-
meter transpiration rate (measured at 1700 
hours) where the soil was maintained close to 
field capacity. The RT data is the mean value 
for all potometers with daily transpiration 
rates within the ranges shown on the X axis. 
The number of potometers in each sample is 
shown in brackets, and the vertical lines rep­
resent two standard deviations of the mean 
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water balance of the plant. 
Relative Turgidity and Meteorological Conditions 
Where the soil is maintained at or near field capacity 
the influence of soil factors on the degree of the absorption 
lag is at a minimum. Under these conditions an investigation 
of the relationship between various meteorological parameters 
and the degree of daily maximum water deficits in a soybean 
canopy is facilitated. Throughout the experimental period in 
each year from 1963-65 (from first flowering to bean filling) 
a large number of RT samples were taken in both the poto-
meters and in the field at l400 hours, where the soil was 
maintained at or near field capacity throughout the day. 
A scatter diagram of these data is presented in Figure 
11 as a function of the vapor pressure deficit of the air 
measured at 1200 hours at screen height at the experimental 
site. The log of vapor pressure deficit (e^-e^) when fitted 
to these data explained 57^ of the variation. A regression 
model containing the linear and quadratic terms for e^-e^ 
explained a slightly greater proportion of the variation, but 
the regression line was difficult to interpret in terms of the 
mechanisms involved. In Figure 11 it can be seen that the 
regression line and the data points show a rapid drop in RT 
at vapor deficits of the order of 5 mm. with a leveling off 
at higher deficits. This phenomenon can be explained in terms 
of the transpiration relationships previously discussed. 
Figure 11. Relative turgidIty at l400 hours plotted as a function oi' noon vapor 
pressure deficit (measured at screen height 1 wliere the soil was 
maintained at field capacity in 1963, 19o4 (potometers) and I965 
(field data). Each data point represents the mean RT on the 
particular day for all potometer or field measurements where the 
soil was held at field capacity 
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Under conditions of sufficient energy supply (net radiation) 
Increasing vapor pressure deficits will Increase transpiration 
rate. Increased transpiration rate on a dally basis will de­
crease the leaf turgor in an approximately linear fashion. 
Decreased leaf turgor will cause the turgor operated stomatal 
closure mechanism to Increase the resistance to transpiration 
and thus decrease transpiration at some critical level of 
turgor. Wilting symptoms occur at approximately 85-83^ RT 
in this species, and the stomata have already undergone some 
degree of closure at this level (see Part II). 
The leveling off in the rate of decrease of RT with in­
crease in the vapor pressure deficit occurs in the RT range 
from 90-84. These data would thus support the conclusions 
made by various workers (35, 56, 99, I05, 121) that the 
stomatal closure mechanism reduces the degree of internal 
water stress under extreme conditions. 
The rate of transpiration is dependent upon not only the 
vapor pressure gradient but also the energy required for 
latent heat of evaporation and the transfer of the water vapor 
Into the atmospheric sink. The Interaction of Incoming energy 
measured as solar radiation received up to l400 hours during 
the day and the vapor pressure deficit of the air at noon is 
explained to some extent by the data presented in Figure 12. 
The basic data are similar to that presented in Figure 11. A 
multiple regression equation containing the logarithmic term 
for e -e^j the linear term for solar radiation, and the Inter-
s a 
Figure 12. Relative turgldity at l400 hours plotted as a function of noon vapor 
pressure deficit. The multiple regression equation including terms 
for log, vapor pressure deficit (X^), linear terms fot* solar radia­
tion up to l400 hours (Xg), and the interaction of X^ and Xg, is 
shown in the body of the figure. Estimated RT at various levels of 
solar radiation are drawn. Open circles = data < mean of solar 
radiation data, closed circles = data > mean of solar radiation 
data 
Y= 94.75 -2 60 log X,+0.0067 Xg +0.017X, 
=  0 6 4  
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action of these terms was associated with 64^ of the variation 
in RT measured at l400 hours. An accurate description of 
these results in terms of theoretical considerations is some­
what limited since there Is a strong correlation between dally 
solar radiation received and the e -e at 1200 hours (r = 
s a 
0.83). The dashed segments of the predicted curves represent 
the region where low radiation (and thus low air temperatures) 
could not be associated with high e„-e„ under most natural 
conditions. The equation does show the effects of the Inter­
action of high radiation and high e -e^ on the development of 
S 3, 
plant water deficits. Net radiation, which conceivably should 
have a more direct effect on plant turgor than solar radiation, 
was found to have a poor relationship to the RT data in 1964. 
The value of net radiation as a predictor of plant water 
stress cannot be evaluated accurately since large e -e 
s a 
values did not occur during the experimental period in 1964. 
Daily wind movement did not prove significant in the equa­
tions tested with these RT data. A linear and quadratic term 
for trend (days from planting) was included in the equation in 
Figure 12, to investigate the effects of plant age on the 
dally RT. These terms also proved non significant. 
The relationship of the dally minimum RT at field capac­
ity in the field and in potometers for data collected in 1963, 
1964, and 1965, to open pan evaporation (U. S. Weather Bureau, 
Class A) is presented in the bottom portion of Figure 13. 
These data, although showing considerable variation, do indl-
Figure 13, Related turgldity (l400 hours) plotted against 
corrected Bellanl plate atmometer evaporation 
(1965 field data) and daily open pan evapora­
tion (1963, 1964, 1965 field and potometer 
data) 
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cate that increasing open pan evaporation is not related lin­
early to the development of mid-afternoon water deficits. A 
similar relationship appears to exist between Bellani plate 
evaporation and the RT of a field canopy at field capacity 
(Figure 13)• This is another illustration of the reduction 
in the magnitude of the water deficit brought about by 
stomatal closure. It is not meant by this conclusion that 
all the stomata close — only those in that section of the 
canopy subjected to turgor depression i.e., the upper exposed 
leaves that intercept the majority of the radiation. As 
wilting proceeds throughout the canopy a gradual closure of 
remaining stomata most probably occurs as these leaves are 
subjected to increasing water stresses. 
Daily Range of Relative Turgidity 
in Relation to Soil Moisture 
Slatyer (99) reports a phenomenon observed during rne 
drying cycle, where the magnitude of the RT range during the 
day, i.e., early morning RT minus daily minimum RT, is least 
at high and low soil moisture levels, and greatest at inter­
mediate levels of soil moisture. The existence of constant 
atmospheric conditions appears to be implied during the dry­
ing cycle. 
This phenomenon was investigated using the regression 
estimates developed for the early morning RT under average 
nocturnal conditions as a function of soil moisture content. 
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and the daily minimum RT as a function of soil moisture con­
tent on July 17> 1964. These curves are shown in the upper 
graph in Figure Ik. The absolute RT difference between these 
curves or the magnitude of the estimated daily range is 
plotted as a function of soil moisture content in the lower 
graph of Figure 14. These data do not show the phenomona 
reported by Slatyer. Minimum daily range in RT does occur 
at low soil moisture levels but the maximum occurs at the 
highest level. The observations reported by Slatyer on desert 
trees may have been confounded by differences in dally evapor­
ation rate. The magnitude of the daily range on day 4 in this 
latter report (at high soil moisture levels) may have been 
much greater at evaporation rates greater than 0.10 inches 
shown for that day. 
If a plant community equilibrates with the soil water 
potential at turgor levels above the critical level of sto-
matal closure, then the turgor level at which closure does 
occur under high evaporative demand will be associated with 
a reduction in the rate of turgor decline. From this reason­
ing it would appear that plants with a high turgor level in 
the morning will have a greater dally range of turgor than 
plants with lower turgor levels, since both are exposed to 
the same restriction to transpiration rate (and thus decreased 
rate of turgor decline) at about the same lower limit of 
turgor. 
Figure 14. Daily range of RT (bottom graph) drawn as a 
function of percent available soil moisture. 
This curve was drawn from the data in the 
top portion which show the mean morning RT 
(0700 hours) in I963 and the mid-afternoon 
RT (l400 hours) for one day in 1964 as a 
function of percent available soil moisture 
content 
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Relative Turgidlty as a Function of 
Soil and Meteorological Factors 
The regression lines estimating RT (l400 hours) as a 
function of soil water potential for four days during the 
experimental period, are drawn as a function of soil water 
content in Figure 15. The original simple regression equa­
tions are given in Table 1. These curves show clearly the 
influence of the combined effects of evaporative demand and 
soil moisture supply on daily minimum RT. At high levels of 
soil moisture supply the atmospheric conditions influencing 
evaporative demand have the greatest effect on variation in 
RT. With decreasing soil moisture supply (and capillary 
conductivity) the effects of variation in atmospheric condi­
tions decreases. At low levels of soil moisture the RT es­
timates are relatively independent of atmospheric variation. 
Some limited data from a small investigation carried out 
in 1963 was available to study the effects of soil water 
potential greater than the maximum value obtaining in Figure 
15 (^5 atmospheres). A series of six potometers were sub­
jected to a period of extended stress conditions over a 
period of 15 days during late August. This longer period 
allowed transpiration to reduce the soil water potential to 
levels approaching 15 atmospheres. These data indicate that 
the magnitude of the daily range in RT (maximum minus minimum) 
was reduced to zero in the vicinity of 10-11 atmospheres and 
Figure 15. Estimated RT at l400 hours for four days during 
experimental period in 1964 drawn as a function 
of percent available soil moisture content. 
(Original regression equations shown in Table 
1). Meteorological data: = net radiation 
gm. cal. 24 hrsT^i ®s"®a - vapor pressure 
deficit mm. Hg (1200 hours), = open pan 
evaporation mm. 24 hrsl^, T = maximum daily TttciX. 
screen temperature °C 
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at an RT level of approximately 6o. Plants at this stage 
recovered turgor at least in the top leaves in the morning, 
if watered the previous day. At a still lower soil water 
potential and at an RT = 52 in the top leaves there was no 
response on rewatering. The actual permanent wilting point 
of the soil could not be determined accurately since the es­
timates of soil water content changes in this region were a 
good deal smaller than the standard error of the estimate. 
This situation is further compounded by the fact that small 
changes in soil water content are associated with large dif­
ferences in matric potential in this zone. 
The relationship between relative turgidity at l400 
hours and the average soil matric potential in the root zone 
has been shown to be essentially linear, at least over the 
range of 0-5 atmospheres of potential (Figure 9). The slope 
of the regression lines fitted to these data from day to day 
decrease with increasing evaporative demand. At field capac­
ity, RT at l400 hours has been shown to be negatively and 
linearly related to the daily transpiration rate. The RT at 
field capacity when plotted as a function of open pan evap­
oration and vapor pressure deficit in Figures 11, 12 and 13, 
shows a distinctly non-linear relationship to these vari­
ables. The action of turgor operated changes in stomatal 
resistance on these results has been discussed. 
A series of multiple regression equations were developed, 
based on the above relationships for the experimental data 
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obtained in 1964. In each of the equations linear terms for 
soil matric potential, a term representing atmospheric demand, 
and the interaction between these two terms were always in­
cluded. A typical equation of this type is shown below: 
#* »* * 
Y = 101.24 - 6.4l{x^ )  - 44.5l(X2) + 9.94(x ) (3) 
where Y = RT at l400 hours, 
= Average soil matric potential in root zone 
(atmospheres), 
Xg = Open pan evaporation, inches 24 hours 
X^ z Interaction X^ and X^, 
(** and * Indicates coefficient significant at and 5$ 
level of probability respectively). 
Curves representing the predicted RT over the range 0 -
4.75 atmospheres for various levels of open pan evaporation, 
obtained by evaluating the above equation, are presented in 
Figure l6. At soil potentials above 4.75 atmospheres (or the 
point at which the regression estimates intersect), the curve 
has been extrapolated based on the RT data obtained by sub­
jecting the plants to extreme stress conditions as previously 
described. Tnese data have been presented in this manner to 
indicate the type of equation, and its extrapolations, which 
can be used to estimate the daily minimum RT from soil and 
atmospheric parameters. 
The linear regression coefficient for the open pan evap­
oration term, although highly significant, does not indicate 
Figure l6. Multiple regression equation and estimated RT curves for various 
levels of daily open pan evaporation (inches 24 hours-1) is shown 
to right of dotted vertical line. The combined data obtained on 
15 days during 1964 experimental period. Extrapolated line to 
right of dotted line was based on the extreme stress observations 
described in text 
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the actual condition. The rather narrow range of evaporative 
demand conditions which prevailed in 1964 did not allow an 
assessment of the effects of high levels of demand which are 
indicated by the combined data for 1963, 1964, and 1965 pres­
ented in Figures 11, 12, and 13. The equation presented in 
Figure l6 is therefore based on an insufficient range of 
atmospheric conditions and does not adequately estimate the 
RT, particularly on high evaporation days. 
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CONCLUSIONS 
From the data presented the following conclusions can be 
drawn regarding the Influence of soil moisture supply and 
atmospheric demand on relative turdigity. 
1. The early morning or "equilibrium" relative turgidity 
has been shown to be linearly related to the average 
soil matric potential in the root zone. 
2. The mid afternoon or "daily minimum" relative tur­
gidity has been shown to be linearly related to the 
average matric potential in the root zone. Over a 
series of days, the slopes of the fitted straight 
line decrease with increasing daily evaporative 
demand. 
3. The mid afternoon RT, where the soil is maintained 
at approximately field capacity, is negatively and 
linearly related to the daily transpiration rate. 
4. The mid afternoon RT, where the soil is maintained 
at approximately field capacity, is related to open 
pan evaporation, and vapor pressure deficit in a 
negative and asymtotic manner. 
A multiple regression equation was developed to enable 
the estimation of the daily minimum RT of a soybean canopy 
(top leaves) from soil moisture and meteorological data. 
This equation will be utilized in Part IV of this dissertation 
to develop an index of stress conditions. 
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PART II. ENVIRONMENTAL CONTROL OP EVAPOTRANSPIRATION 
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INTRODUCTION 
Potential évapotranspiration has been defined by Penman 
(76) as the amount of water transpired In unit time by a green 
crop, completely shading the ground, of uniform height and 
never short of water. Empirical methods of estimating poten­
tial évapotranspiration have been devised by Penman (77), 
Thornthwalte (llO), and Blaney and Griddle (9), and other 
workers. Evaporation from various forms of evaporlmeters has 
been used as an empirical method of estimating potential évap­
otranspiration. Denmead and Shaw (24) using the water loss 
from Class A, U. S. Weather Bureau evaporation pans were able 
to establish a relationship between potential évapotranspira­
tion and open pan evaporation throughout the growing season 
for corn. This relationship has proven of value In the esti­
mation of soil moisture under corn since it allows the daily 
potential évapotranspiration to be estimated from open pan 
data (Shaw, 95). 
The estimation of daily évapotranspiration from soil 
moisture and meteorological data requires, in addition to an 
estimator of potential évapotranspiration, some measure of the 
reduction in potential water loss occasioned by the interac­
tion of soil moisture stress and atmospheric demand. This 
latter relationship has recently been considered from a 
dynamic viewpoint by Philip (80) and Gardner (36). The In­
fluence of soil moisture supply and atmospheric demand in 
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determining the internal water balance of plants has been con­
sidered in Part I. The cause of turgor loss during the day 
has been described in terms of the inability of the root 
system to maintain an absorption rate equal to the transpira­
tion rate (99)• Coincident with this loss of turgor a rise in 
the leaf water potential occurs. Provided this water poten­
tial is below a certain critical value, the increased gradient 
in potential from the soil to the leaves allows the plant to 
maintain the transpiration loss in phase with the dirunal in­
crease in the available energy (99, 106, 114). 
During a normal drying cycle under field conditions, the 
morning or equilibrium value of leaf water potential will rise 
in proportion to the increased soil water potential in the 
effective root zone. The capillary conductivity also de­
creases as the soil water potential increases. Thus, the 
daily maximum leaf water potential will reach progressively 
higher peaks, since the starting point in the morning is 
higher, and the absorption lag during the day increases be­
cause of reduced capillary conductivity (99). At a certain 
critical level of leaf water potential and leaf turgor the 
stomata close. This increased resistance to diffusion of 
water from the leaves reduces the transpiration rate. Thus, 
potential évapotranspiration under a field situation should 
be maintained as long as the environmental conditions allow 
the plant to remain above a certain critical level of turgor. 
The influence of soil moisture supply and atmospheric 
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demand in determining the diurnal march of leaf turgor has been 
described in Part I. Under conditions of high atmospheric de­
mand the rise of the water potential to critical levels occurs 
sooner than at low atmospheric demand, since the absorption 
lag is greater at a particular level of soil water potential 
(and capillary conductivity). Denmead and Shaw (22) have 
examined this phenomena in com under a controlled soil mois­
ture situation in the field. These workers have found that 
the turgor loss point, or the soil moisture content at which 
transpiration rate was reduced below the potential rate, was 
a function of atmospheric conditions influencing evaporative 
demand and the soil water supply. At high levels of demand 
with a potential transpiration rate of 6mm. per day, the 
turgor loss point occurred at 34$ volumetric soil moisture 
content, while at a potential transpiration rate of 1.4 mm. 
per day this occurred at 23$^. 
Recently, Gardner and Ehlig (38) have shown experimental 
evidence of a marked decline in the relative transpiration 
rate of various species, at a leaf water potential character­
istic for a particular species. Various workers have shown a 
more or less linear relationship between relative leaf water 
content (RT) and leaf water potential, the height of the curve 
depending to some extent on the age of the leaf and prehistory 
for a particular species (37, 124). Thus, it is reasonable to 
assume that a certain RT level, somewhat characteristic of the 
species, may be associated with a decline in the transpiration 
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rate below the potential rate. Since stomatal closure is a 
turgor phenomena, it is possible that an indicator of leaf 
turgor such as RT may be more closely associated with these 
changes than the leaf water potential per se. 
The present Part of this dissertation has the following 
objectives : 
1. To describe the potential évapotranspiration of 
a normal field of soybeans, using the change in 
soil moisture content per unit time as an es­
timator of water loss (from these data an ex­
pression relating potential évapotranspiration 
to open pan evaporation will be developed), 
2. To investigate the Influence of soil moisture 
supply and atmospheric demand on the actual 
évapotranspiration rate. The relationship of 
leaf turgor to the actual daily transpiration 
rate will also be studied in the light of the 
interaction of supply and demand. 
These data will then be utilized in Part IV to estimate 
dally soil moisture changes under soybeans using the general 
technique described by Shaw (95) for corn. 
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EXPERIMENTAL 
Potential Evapotranspiration 
The loss of water from the soil profile over periods of 
5-7 days during the growing season was assumed to be potential 
évapotranspiration in this study. Soybeans (var. Hawkeye) 
were planted in 36-inch rows at a population of 120 thousand 
plants per acre, in a north-south orientation. Neutron mois­
ture meter access tubes were installed soon after planting 
(5-24-64) in the center of the plot of soybeans which was 18O 
X 80 feet in size. A diagram of the experimental plot is 
presented in Figure 17. An area around the access tubes 
measuring 24 x 21 feet was enclosed with a plastic dike 9 
inches high to prevent run off. A total of 8 access tubes 
were installed to a depth of 5 feet with 4 feet of pipe pro­
truding above the soil surface to allow measurements of soil 
moisture without unduly disturbing the soybean canopy. 
The time table of operations was as follows. Monday of 
each week (0800 hours) soil moisture determinations were made 
with the P 19 Nuclear-Chicago soil moisture gauge at 6-inch 
intervals to a depth of 54 inches, beginning at a depth of 12 
inches below the surface. The calibration curve described in 
Figure 4 was utilized to obtain the volumetric soil moisture 
content from these readings. Surface soil moisture content 
was determined gravimetrically using a 1-inch diameter probe 
Figure 17. Diagram of layout of potential évapotranspira­
tion plot, showing location of dike to prevent 
runoff, eight neutron moisture meter access 
tubes, and soybean rows 
77 
POTENTIAL EVAPOTRANSPIRATION 
EXPERIMENTAL PLOT 
• 2 1 '  
I 
CM 
A /{: X X X 
1 2 '  
V % X X X 
36"  
DIKE 
(X MARKS 
SOYBEAN ROWS 
POSITION OF ACCESS TUBE)  
78 
to remove nine-inch cores from random positions within the 
area enclosed by the plastic dike. Three cores were combined 
into one composite sample, two such composites being taken at 
each sampling date. A mean bulk density of 1.10 gms./cc. 
determined for the top nine inches, at field capacity was 
used to obtain volumetric soil moisture content from these 
data. 
On Saturday (OBOO hours) of each week these soil mois­
ture measurements were repeated. The area within the plastic 
dike was then flood Irrigated with sufficient water to refill 
the profile without oversaturating the area. Tne 48-hour 
period from O8OO Saturday to 0800 Monday was thought suffi­
cient to allow saturated flow through tne profile of excess 
water that may have been applied. The measurement procedure 
was again repeated on the following Monday and so on through 
the season. Irrigation was not carried out between three of 
the measurement periods since soil moisture levels were con­
sidered to be sufficient because of weekend rainfall, or small 
losses in the previous week. Rainfall was measured on a daily 
basis in a standard rain gauge at the experimental site. Open 
pan evaporation from a Class A, U, S. Weather Bureau pan, was 
measured at the weather station at the old Agronomy Farm, 
Ames, Iowa. 
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Actual Transpiration 
The measurement of transpiration on a dally basis under 
normal field conditions at a range of soil moisture levels is 
a very difficult procedure. The aim of this experiment was 
to determine the amount of transpiration as a function of 
soil moisture supply on a range of days representing differ­
ing atmospheric demand situations. In this manner the inter­
action or soil and atmospheric conditions could be evaluated. 
The potometers which have been described in the previous sec­
tion were utilized in this evaluation to allow soil moisture 
control. 
Transpiration is measured as the daily loss of soil 
water from the potometers measured at 1700 hours each day. 
Transpiration measurements were made in 1963 and 1964, uti­
lizing up to 40 potometers at different levels of soil mois­
ture at the beginning of each daily period. The accuracy of 
the neutron moisture meter in determining the water content 
of the whole potometer was evaluated by gravimetric sampling 
of a series of 10 potometers after neutron readings had been 
made in the center of the soil volume, 10.5 inches below the 
soil surface. The estimated soil moisture content (inches of 
water in the potometer) as determined by duplicate neutron 
meter readings is compared to the actual soil moisture content 
as determined by gravimetric sampling of the complete profile 
(0-21 inches) in Figure I8. The results indicate a fairly 
Figure 18. Graph showing relationship between estimated soil moisture content 
(from duplicate neutron meter readings at 10.5 inches) and actual 
soil moisture content (gravimetric sampling of 20.5 inch profile) 
for 10 potometers. Line represents 1:1 relationship 
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close agreement with the 1:1 relationship. Deviations from 
the line can be due to errors In estimating soil moisture 
content from the neutron meter calibration curve (see Figure 
4) or to errors associated with gravimetric sampling and bulk 
density determination. 
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RESULTS AND DISCUSSION 
Potential Evapotranspiration 
The évapotranspiration from a normal field of irrigated 
soybeans for various periods during the growing season is 
shown in Table 2. The water loss from the profile over the 
measuring period is added to the total precipitation for the 
period to obtain potential évapotranspiration. The ratio of 
potential évapotranspiration to open pan evaporation for each 
period is plotted in Figure 19. The data for com developed 
by Denmead and Shaw (24) using a similar water balance approach 
is also shown for comparison. 
The curve appears to be in phase with the increase in 
leaf area index (LAl) during the growing season up to the 
time of maximum LAI. The later decrease in LAI is due to 
leaf losses from the bottom nodes of the plant. The E^^Ep 
ratio appears to remain at a high level for a period of 
approximately 20 days before a rapid decline with approaching 
physiological maturity occurs. The curve of E^q/^p is prob­
ably out of phase with LAI during the above 20 day period be­
cause leaf drop from the base of the canopy does not influence 
the potential water loss of the canopy as a whole. The close 
relationship which appears to exist between leaf area and po­
tential évapotranspiration is probably more directly related 
to the proportion of the ground area covered by the canopy. 
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Table 2. Profile soil moisture loss (aW), precipitation (P) 
potential évapotranspiration (Eipo)» and ratio of 
potential évapotranspiration to open pan evapora­
tion (Erpo/Ep) for designated periods during 1964 
AW P Em Q 
Period _ E^g/Ey 
Inches 
7/13-7/18 0.74 0. .02 0.76 0.57 
7/20-8/1 1.35 0, .51 1.86 0.68 
8/3-8/8 0.35 0. ,66 1.01 0.85 
8/10-8/17 0.87 0. .09 0.96 0.81 
8/17-8/22 0.52 0, .40 0.92 0.84 
8/22-8/29 0.18 0, .99 1.17 0.88 
8/31-9/8 0.39 0, .61 1.00 0.81 
9/8-9/14 0.18 0 .30 0.48 0.46 
Under normal field conditions the ground coverage is usually 
related to leaf area index. 
The curve of Denmead and Shaw for corn shows a close 
similarity to the suggested curve for soybeans, except that 
com appears to reach a peak somewhat earlier. This is prob­
ably related to the faster ground coverage achieved by corn 
when both crops are planted at the same time. The value of 
the ratio at the maximum 0.86) in slightly higher than 
the corn maximum, but is in close agreement with values ob-
Figure 19. Potential evapotranspiration/open pan evaporation ratio shown as a 
function of time for com (Denmead and Shaw, 24) and soybeans 
(measured In 1964). Data points are for soybeans. LAI data ob­
tained in 1964 for soybeans 
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tained at high soil moisture levels by Pritschen and Shaw 
(33) for com. The rather close agreement of all these stud­
ies for the maximum value of the ratio points to a basic sim­
ilarity in the potential évapotranspiration of different crop 
surfaces at maximum interception of net radiation. Evapo­
transpiration was measured, using similar techniques, for 
soybeans by Eagleman (27), in Missouri, but no open pan data 
was available in this latter study for comparison with the 
data obtained in this study. 
The soybean curve was extrapolated for the early part of 
the season based on the general trend of the com curve. 
This period requires further investigation since the wetness 
of the soil surface, and the degree of shading, will both in­
fluence potential évapotranspiration rate. The availability 
of water for evaporation at the soil surface under the canopy 
was assumed to be constant from week to week in this study 
since irrigation wet the surface uniformly at regular inter­
vals. The effects of reduction in soil moisture content with­
in each weekly period is also assumed to be negligible in its 
effects on the rate of water absorption by the canopy. This 
assumption is supported by the high soil moisture levels 
which were always evident in the zone below 9 Inches at all 
sampling dates. 
The assumption that total profile water loss during a 
5-7 day period represents évapotranspiration may be in error, 
due to drainage losses during the same period. The precau­
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tions taken to prevent over Irrigation and the low total 
rainfall received during any one period would suggest that 
this source of error was at a minimum. Burrows and Klrknam 
(13) reporting on field capacity measurements in some Iowa 
soils, have shown that a 48 hour period is usually sufficient 
to allow a relatively stable field capacity to develop after 
excessive irrigation. 
Actual Transpiration 
The daily transpiration rate for three days during the 
experimental period in 1964 Is shown as a function of avail­
able soil moisture content in Figure 20. The three days were 
selected to represent three levels of atmospheric demand. 
Net radiation (N^), vapor pressure deficit (e^-e^) at noon, 
and the dally open pan evaporation (Ep) for each day is shown 
in the body of the figure. These data show clearly the inter­
action of the level of soil moisture and the atmospheric demand 
in determining the actual transpiration. The departure of the 
actual transpiration from the potential rate occurs at 
approximately 0.45, I.80, and 4.00 atmospheres of soil matric 
potential for the high, medium and low transpiration rates 
respectively. This decline in transpiration rate with in­
creasing soil water potential has been shown by a number of 
other workers Including Makklnk and Van Heemst (62), 
Slatyer (lOl), Hagan _et (44), Scholte Ubing (93) and 
Bahranl and Taylor (5). Denmead and Shaw (22) have Inves-
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tlgated the combined effects of soil and atmospheric condi­
tions on the actual transpiration rate in corn. At low poten­
tial transpiration rates these workers show the actual trans­
piration rate decreases from the potential at a soil water po­
tential of 12 atmospheres. The data reported here for soy­
beans on 8-6-1964, although at a slightly high open pan evap­
oration rate, (compared with the low demand day in the data 
of Denmead and Shaw) indicate that a similar decline occurs 
at 4.00 atmospheres. This observation is supported by the 
results obtained on other days with low evaporative demand 
conditions. The reasons for such a large difference between 
these species with regard to the magnitude of the "turgor 
loss point" on low demand days is rather difficult to explain. 
Differences of this magnitude could not be accounted for in 
terms of physiological differences between com and soybeans. 
The most likely reason underlying these differences probably 
lies in the errors associated with the estimation of soil 
matric potential from soil moisture content at low levels of 
soil moisture. 
Recently, Gardner and Ehlig (38) has presented data from 
greenhouse studies showing a sharp decline in relative trans­
piration rate at a characteristic leaf water potential for 
particular species. The conclusions of many other workers, 
including Slatyer (99) and Ketellapper (56), of the existence 
of a characteristic level of leaf turgor (and hence water po­
tential) at which storaatal resistance to transpiration in-
Figure 20. Daily potometer transpiration for three days In 1964 plotted as a 
function of percent available soil moisture. Curves are drawn by 
eye. Meteorological data: = net radiation gm. cal. 24 hrsi^, 
Ep = open pan evaporation mm. 24 hrsT^ and e^-e^ = vapor pressure 
deficit mm. Hg at 1200 hours. Each data point represents trans­
piration from one potometer 
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creases rapidly, support these findings of Gardner. This 
phenomena has been discussed in the Part I of this disserta­
tion. 
The relationship between relative turgidity and the trans­
piration rate at different levels of atmospheric demand is 
shown in Figure 21. The curves are drawn by plotting trans­
piration rate from the curves in Figure 20 at a particular 
level of soil moisture, as a function of relative turgidity 
estimated by the regression estimates for RT at 1400 hours at 
the same level of soil moisture content on the same day (from 
Figure 15). In other words the soil moisture effects have 
been removed by transposing the transpiration curves as a 
function of relative turgidity. These curves illustrate the 
effects of turgor induced changes in reducing transpiration 
rates; an effect which occurs at a similar relative turgidity 
range of 86-84 under the three levels of atmospheric demand. 
The conclusion regarding the importance of a particular 
range of leaf turgor conditions in soybeans, as estimated by 
relative turgidity, is supported by some observations on 
plant behavior. In a pilot experiment in 1963 the point at 
which the first obvious wilting signs were observed in the 
top leaves of the canopy was investigated in terms of relative 
turgidity. Tne wilting condition was defined as the lack of 
turgor in the petioles which caused the leaflets (particularly 
the center leaflet) to turn over, exposing the underside. 
Associated with this change, puckering of the tissue between 
Figure 21. Dally potometer transpiration (from hand-drawn 
curves In Figure 20) for three days In 1964, 
drawn as a function of estimated RT at l400 
hours (from regression estimates in Figure 
15), see text for explanation of curves 
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major leaf veins occurred and the edges of the leaflets had a 
wavy appearance. A color change from a fresh green to a dull 
darker green was also evident at this turgor level. Observa­
tions and RT measurements were carried out over 4 periods 
during the growing period, each of 11 days, back-to-back, be­
ginning at first flowering in the base of the plant. 
The mean RT (l400 hours), where the above wilting signs 
were first observed during a drying cycle were 83.4, 83.8, 
84.3 and 84.0 for periods 1 to 4 respectively with the stand­
ard deviation of the mean of 0.9, 1.0, 0.9, and 1.1. Over the 
four periods of growth, wilting was observed to occur at 
essentially the same level of relative turgldlty. This may 
be expected in an indeterminate crop since new leaves are 
being continually produced at the top nodes of the elongating 
stem and thus, from perlod-to-perlod, leaves of similar age 
would be sampled at the top of the canopy. Wilting in the 
rest of the plant, following the first signs in the top ex­
posed mature leaves, followed a definite trend. The bottom 
leaves of the canopy very quickly became flaccid in appearance 
and as wilting progressed leaf losses from this zone in­
creased. The top most immature leaves on the canopy were the 
last leaves to show wilting symptoms on the plant. 
Leaf Impressions of the lower epidermal surface of soybean 
leaves at a range of leaf turgor levels under high radiation 
conditions on greenhouse grown plants were made using the method 
recommended by Zelitch and Waggonner (125). Mlcrophotographs 
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were taken of a fingernail polish smear which was in turn 
taken from a silicone rubber (RTV-ll; General Electric Corp.) 
impression of the leaf surface. These photographs indicate a 
rapid closure of stomata beginning at a RT of approx. 88-89 
and what appears to be full closure of over 90^ of the stomata 
at a RT of 82. Two levels of this phenomena are reproduced in 
Figure 22. The top photograph indicates the appearance of 
stomata at RT - 90, while the bottom photograph was taken of 
a similar leaf at RT = 82. Although somewhat inconclusive it 
would appear that the stomata begin to close at RT levels 
above that where wilting symptoms become evident 84). 
This observation is supported by work of Martin (63). 
In order to provide a more generalized relationship be­
tween transpiration and the atmospheric conditions at dif­
ferent levels of soil moisture, the data were treated as 
follows. The transpiration data for 1963 were grouped into 
three groups according to daily evaporation rate from the open 
pan; days greater than 0.30, days from 0.20 up to and includ­
ing 0.30 and days less than 0.20 inches. In this manner three 
curves (Figure 23) were drawn for the mean transpiration rate 
at each level of soil moisture percentage, one curve each for 
the high, medium and low evaporative demand situations. These 
curves are drawn as the ratio of the actual to the potential 
transpiration rate and expressed as a function of available 
soil moisture content. 
Figure 22. Microphotographs of condition stomata on lower 
epidermis at two levels of relative turgidlty 
in similar leaves grown in the greenhouse, 
under high incoming radiation conditions (> 
6000 foot candles). Top photograph, leaves 
at RT = 90, bottom photograph, leaves at RT 
-  82  
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Figure 23. Average relative dally transpiration rates for three groups of days 
(1963 data) with open pan evaporation rates shown in body of 
figure, drawn as a function of percent available soil moisture 
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CONCLUSIONS 
The data on potential évapotranspiration (E^q), when 
expressed as a function of open pan evaporation (Ep), are in 
close agreement with curves obtained by other workers on corn. 
The curve for soybeans and LAI changes during the grow­
ing season have been shown to be in close agreement, at least 
up to the time of maximum potential évapotranspiration. 
The transpiration rate has been shown to be dependent on 
the interaction of soil moisture supply and atmospheric demand. 
The results obtained are in general terms similar to those of 
Denmead and Shaw (24), although the "turgor loss point" in 
soybeans at low transpiration rates and low soil moisture 
levels occurs at much lower soil matric potentials than those 
obtained by these workers on com. The relationship between 
daily transpiration rate and the relative turgidity of soy­
beans at 1400 hours has been discussed in terms of the effects 
of stomatal closure over a rather narrow range in relative 
turgidity of the upper exposed leaves of the canopy. 
A set of curves representing the relative transpiration 
rate on high medium and low evaporative demand days has been 
developed. These curves represent the relative transpiration 
rate as a function of water supply and demand in a modified 
field situation using large containers which never the less 
restricted the root volume. The presence of an unrestricted 
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root volume under normal conditions may alter the general 
shape of the curves shown In Figure 23. The dally évapo­
transpiration rate from a field of soybeans throughout the 
growing season may be estimated from open pan evaporation by 
use of the E^^Ep curve, with an appropriate correction of 
the potential rate depending on the level of atmospheric 
demand (evaporation pan) and the soli moisture content in 
•cne root zone. The application of the above data in estima­
ting soil moisture under soybeans using the methods developed 
by Shaw (95) in com will be discussed in Part IV of this 
dissertation. 
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PART III. INTERNAL WATER STRESS AND CROP RESPONSE 
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INTRODUCTION 
The factors influencing the development of internal plant 
water deficits have been discussed in the first part of this 
dissertation. The importance of both soil factors and atmos­
pheric conditions have been shown. In a study of the response 
of plants to water stress it is important to measure the de­
gree of stress applied. Measurement of soil moisture condi­
tions alone will not provide a meaningful assessment of In­
ternal stress conditions due to complications from changing 
weather conditions. In the present study the response of soy­
beans to measured internal water stress conditions will be 
evaluated. The specific objectives may be enumerated as 
follows : 
1. To relate the effects of controlled and measured 
water deficits on leaf area development at various 
periods of growth; 
2. To investigate the effects of leaf water deficits on 
the net photosynthetic rate of a normal field canopy 
of soybeans; 
3. To study the effects of controlled and measured plant 
water deficits on the final yield and the components 
of yield over a number of periods during the growing 
season. From these data the periods of growth most 
susceptible to water stress will be evaluated. 
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REVIEW OP LITERATURE 
The Importance of the internal water status of a crop 
canopy as a factor determining final yield has long been rec­
ognized. The final yield of a crop is the integrated result 
of the interrelated effects of many physiological processes. 
For the purposes of this review, the subject will be discussed 
in terms of photosynthesis and respiration which are the pri­
mary processes in carbon fixation, growth as a means of pro­
viding the photosynthetic tissue, and reproduction as a means 
of providing the sink for storage of photosynthates. 
Photosynthesis and Respiration 
Vaadia e;b aJ. (113) have reviewed the literature up to 
1961 on the effects of plant water stress on physiological 
processes. This review quotes eight papers concerning the 
effects of water deficits on photosynthesis (l, 4, 28, 4l, 72, 
108, 112, 115), where plant water deficits were either not 
measured or measured in a manner difficult to reproduce. In 
a number of these cases it was established that reduced soil 
moisture conditions reduced photosynthesis, particularly in 
the middle of the day. 
Gaastra (34) considers the photosynthesis of field crops, 
under most conditions, to be limited by the capacity of the 
diffusion process of COg transfer to the sites of fixation. 
He presents evidence for this conclusion, and discusses the 
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limiting effects of incident radiation and the CO^ concentra­
tion immediately outside the leaf in comparison to the effects 
of the diffusion process. Gaastra, by analogy with Ohm's Law 
for the flow of electricity, presents an equation for the 
diffusion process describing the steady state photosynthetic 
rate as follows: 
^a "*• ^3 ^mes 
where P = photosynthetic rate (cm^ cOg cm"^ sec"^), and (COg)^ 
and refer to COg concentrations in the external air 
and the chloroplasts. The term r^^ is the resistance in the 
external air (boundary layer), rg the stomatal resistance and 
the resistance to COo diffusion in the mesophyll cells. 
He neglects the cuticle resistance (although of considerable 
magnitude) since it is in parallel with stomatal resistance, 
and the resistance in the intercellular space, since it is 
small in most species. 
The water content of the leaf effects the diffusion proc­
ess by influencing the stomatal and mesophyll resistances. 
Heath (47), Stalfelt (105), and Ketellapper (55, 56) have re­
cently reviewed the subject of stomatal regulation. Stalfelt 
(104) has found evidence of a "hydropassive" opening of 
stomata with a rapid increase in water deficit. This effect 
was transitory, since the development of a certain critical 
water deficit resulted in rapid closure of stomata. Stalfelt 
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considers these latter movements to be most marked and to 
over-ride all counteracting opening stimuli such as high 
light or low carbon dioxide environments. 
Gaastra (34) discusses the effects of the diurnal water 
balance in terras of the above considerations. Under condi­
tions where the diurnal lag of water absorption behind trans­
piration Is small, and thus leaf turgor remains high, the 
diurnal course of photosynthesis usually corresponds with the 
diurnal course of light Intensity, at least on a qualitative 
basis. The work of Thomas and Hill (108), Ashton (4) and 
Moss et al. (68), under various modifications of a field 
situation, have all illustrated this phenomena. Unfortunately, 
no measurements of plant water deficit were made in these 
studies. With increasing soil moisture stress and, or, atmos­
pheric demand, plant water deficits resulting In stomatal 
closure and possible mesophyll effects will cause decreases 
In photosynthesis. The studies of Schneider and Chllders 
(92) and Murata and lyama (69) support these conclusions of 
Gaastra. The report by the last named workers is one of the 
few studies conducted under high Incoming radiation where 
plant water deficits (water content on a fresh weight basis) 
were measured. Dastur (18), and Dastur and Desal (19) studied 
several tropical species and found a direct correlation be­
tween the rate of photosynthesis per unit leaf area and the 
water content of the leaf. Iljln (53) also noted a reduction 
In the rate of photosynthesis occurred when water content of 
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the leaves was reduced. Brilliant (lO) observed the rate of 
photosynthesis was maximum when water content was reduced 5-15 
per cent below maximum and ceased when the leaves lost 50^ of 
their water content. 
The effects of water stress on net photosynthesis has 
been assumed to operate thru the stomatal closure mechanism. 
The literature contains references to work showing little 
effect of stomatal closure on photosynthesis (112). These 
data are usually obtained under low artificial radiation con­
ditions where the stomata have already undergone some degree 
of closure. 
The other major component of the leaf resistance to 
photosynthesis, the mesophyll resistance, has been shown to 
be affected by the leaf water balance. Scarth and Shaw (91), 
Pisek and Winkler (82), and Shimshi (97) have found depres­
sions in photosynthesis at constant stomatal aperature, with 
increasing water deficits. 
Respiration and photosynthesis occur simultaneously and 
thus many measurements of net photosynthesis in relation to 
water stress may be, to some extent, the result of increases 
in respiration. Schneider and Childers (92) found that the 
rate of respiration of young apple trees increased markedly 
with Increasing stress conditions. Petinov and Malysheva 
(79) have recently shown that water deficits increase res­
piration and decrease the translocation of photosynthates. 
In general terms, the evidence that internal water deficits 
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result in increased respiration and decreased photosynthesis 
Implies a decrease in the carbohydrate reserve material in the 
plant. This latter consideration is supported by work by 
Wadlelgh e^ (ll6) and Rosa (87), who reported decreases 
in starch content with increasing deficits. The potential 
decrease in carbohydrate reserves may be partially compensated 
for by the decreased vegetative growth and the concommitant 
decrease in ultilization of these reserves in growth, which 
is frequently observed with increased water deficits (Richards 
and Wadlelgh, 8 5 ) .  
Vegetative Development 
Crop yield, particularly on a dry matter production per 
unit area basis, is a direct result of carbon fixation by the 
photosynthetlc process minus total respiration during the 
growing season. Watson (119) considers the size of the photo-
synthetic system (leaf area index) and its efficiency (net 
assimilation rate) to be the attributes of growth most re­
sponsible for yield variation. Donald (26) has indicated the 
importance of considering the area of foliage (LAI) and the 
light relations of the foliage, since these aspects have by 
far the greater Influence on photosynthesis and crop growth. 
The concept of optimum leaf area index has been introduced 
by Kasanga and Monsi (54) and Davidson and Donald (20) and 
can be defined as the stage of development of a crop canopy 
at which all leaves are making a positive or neutral contrl-
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bution to assimilation. This concept implies a situation 
where the lower leaves of the canopy at a LAI above the 
optimum will have respiration rates in excess of photo­
synthesis. 
The optimum leaf area index has been proposed as the 
stage of growth where maximum net assimilation rates occur 
(20). The effects of water stress on final crop yield, or 
the total fixation of carbon through an effect on the growth 
of leaves, most probably results from sub-optimal LAI devel­
opment. Denmead and Shaw (23) concluded that a controlled 
water stress during the vegetative phase in corn reduced the 
final yield of grain, mainly through reduced leaf area devel­
opment . 
Heyn (49) reviewed the literature on the physiology of 
cell elongation, and proposed that turgor pressure was the 
main factor responsible for plastic extension of the cell 
wall and thus cell and tissue elongation. The early data of 
Loomis (bl) on the growth of corn agrees closely with the 
conclusions of Heyn. Loomis indicated that growth was directly 
dependent upon a liberal supply of water at the growing point. 
Richards and Wadleigh (85) have reviewed a large number of 
papers which have considered the effects of soil moisture 
stress on plant growth under field conditions. In view of 
the complexities of the uncontrolled field experiment and the 
lack of plant water deficit measurements, it is extremely 
difficult to interpret much of this latter work. 
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Martin (63) has shown that the rate of leaf area develop­
ment was reduced with increasing soil moisture stress in sun­
flowers. Martin also reports that growth rate was affected 
by water stress long before an effect on stomatal opening or 
transpiration rate per unit area could be detected. The 
smaller leaf size was largely due to the failure of existing 
cells to expand under reduced turgor conditions, rather than 
a difference in the initial cells formed. Gates and Bonner 
(4o) agree in general with these latter conclusions of Martin. 
Asana and Saini (3) have shown the effects of water stress in 
reducing leaf area, particularly during the vegetative phase. 
Reproductive Development 
In grain crops the reproductive phase of development may 
be considered as the physiological process by which a photo-
synthetic sink is developed. Water stress during certain 
critical periods of growth may restrict reproductive develop­
ment and thus reduce the size of the photosynthetic sink. 
Hagan £t (44) have pointed out that although flower­
ing is considered critical in a large number of crops with 
respect to water stresses, accurate information is generally 
lacking. Maxlmov (64) draws attention to the Importance of 
water stress on the embryonic stages of growth, as distinct 
from the elongation phase. In describing the work of other 
Russian workers, Maxlmov suggests the existence of a critical 
period in the embryonic development of all structures in the 
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plant. Phillis (8l) and Alvln (2) suggest that water stress 
may influence both the initiation phase and subsequent devel­
opment of floral structures. 
In species where the reproductive phase is of short dura­
tion and where the majority of the population flower simul­
taneously, the effects of water stress on reproductive devel­
opment can be quite marked. In determinate species such as 
corn, there is some evidence for a marked critical period. 
Denmead and Shaw (23) have shown that moisture stress at 
silking reduced grain yield by 51^. During the vegetative 
and grain filling periods similar stresses reduced final grain 
yield by 25^ and 21^. Miller and Duley (66), in a similar 
container experiment, have also shown that the period of silk­
ing and ear growth are relatively sensitive to water stress. 
Robins and Domingo (86) report tasselling in corn to be 
relatively more sensitive than any other period, but these 
data may have been confounded by the relative degree of stress 
applied from period-to-period. In any circumstance, the above 
three papers indicate a marked reduction in yield associated 
with water stress during the reproductive phase. In these 
cases, the factor most responsible for this enhanced effect 
is most probably the small size of the reproductive sink which 
was produced. This latter affect probably results from a 
reduction in the number of kernels fertilized and thus less 
mature kernels per cob than when stressed in the non-repro­
ductive periods. 
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Van der Paauv? (74) found that a critical period in oats 
was evident at heading, and that the lowered yields were pri­
marily due to barrenness of the inflorescence. Maxlmov (64) 
found that in cereal crops, large yield reductions occurred 
when water stress was applied during the stage of lapid elon­
gation prior to heading. Vaadia e^ aJ. (113) have discussed 
other Russian work on wheat (25), and barley (57) where crit­
ical periods during reproductive development have been re­
ported . 
In crops of a more indeterminate nature, where the repro­
ductive phase may occur over an extended period, the existence 
of critical periods may not be as obvious as in the cereal 
crops. Peanuts, which do tend to have a somewhat indeterminate 
habit, have been shown (52) to have a definite critical period 
during the period of maximum flower production. Where water 
stresses last for considerable periods during a dry season, 
damage of this nature in other indeterminate species may also 
be evident. Castor beans have been recorded (58) as having a 
critical period of growth. 
The flowering phase of reproductive development has been 
considered in terms of water stress. Stress during maturation 
or the grain-filling phase has also been shown to have spe­
cific effects on grain yield and quality in cereal crops. 
Neidig and Snyder (73) state that a high soil moisture con­
tent throughout the growing period of wheat will result in a 
high yield and a low protein content of the grain. Water 
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stress conditions, particularly during grain filling, re­
sulted in low yields with a high protein content. The ef­
fects on yield presumably occur as a result of decreased 
grain size. A number of other studies with wheat have in­
dicated an inverse relationship between moisture availability 
during maturation and the protein content of the grain (43, 
46, 65). Denmead and Shaw (23) consider that water stress 
during grain development in corn reduces final yield through 
an interruption of the assimilatory process during a period 
when the majority of photosynthates are being used to fill 
the grain. 
The majority of studies relating the water factor to 
crop production are very difficult to interpret, since the 
water stress conditions were not well defined. The degree 
of internal water stress developed during a drying cycle is 
a function of soil moisture supply and the atmospheric de­
mand. The measurement of soil moisture alone, where normal 
changes in weather conditions occur, will not provide an 
accurate indication of the resultant stress in the plant. 
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EXPERIMENTAL 
Net Photosynthesis 
The measurement of net photosynthesis of a crop community 
has been carried out using the methods of aerodynamic analysis 
of the fluxes of carbon dioxide (60). The use of plant cham­
bers for whole plant and plant community measurements of net 
photosynthesis has received considerable attention in recent 
years (6, 35, 69). The method, while not providing the same 
distribution of COg concentration and wind profile with depth 
in the canopy when compared to field conditions, does offer a 
means of comparing treatments on a relative basis (where the 
conditions can be kept relatively constant between treat­
ments). Gaastra (35) has discussed the use of chambers for 
photosynthetlc measurements, indicating some of the hazards 
Involved. 
Description of the technique 
The closed system (Figure 24) utilized In these measure­
ments has been fully described by Sakamoto (88) and Sakamoto 
and Shaw (89). The system was so designed to maintain the 
COg concentration of the air entering the chamber at 0 . 0 3  +  
0.005#. This was achieved by continually monitoring the CO^ 
content of the air in the system. The concentration was 
measured using a model 15A Beckman Infra-Red Gas Analyzer 
with an inert reference gas (nitrogen) flushing through one 
Figure 24. Diagram of components of closed system for 
measuring net photosynthesis, showing two cham­
bers, flexible couplings to air conditioner, 
infra-red COg gas analyzer and COg supply 
system (see text for explanation of technique) 
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tube. The output of the analyzer (measuring the absolute COg 
concentration) was connected to a Leeds and Northrup recorder, 
with a scale range of 0-100, on a one millivolt fullscale re­
sponse. A microswitch was activated on the recorder whenever 
the COg concentration of the air leaving the chamber fell be­
low 0.03^. This released a solenoid valve on a carbon dioxide 
supply, allowing COg to enter the air stream into the chamber. 
The volume of COg (corrected to standard temperature and pres­
sure) required to maintain the concentration at 0.03# over 30 
minutes was considered to be net photosynthesis over that 
period. The lag time between the addition of CO^ and the 
measurement of the resultant increase was reduced by contin­
ually adjusting the flow rate at a very low level. In this 
manner, violent fluctuations in concentration were avoided. 
The volume of COg added over a 30 minute period was measured 
on a wet test gas meter (Scientific Instruments) to an accu­
racy of + 0.001 cubic foot. 
Two chambers of the type described by Sakamoto (88) were 
utilized in the experiment. A 6,000 BTU air conditioner was 
included in the closed system to cool the air and condense the 
transpired moisture. The plant canopy space inside the cham­
bers was sealed from the soil surface with polyethylene. A 
positive pressure inside the chamber, as a result of the 
force of air from the air conditioner fan, prevented gas 
leaks from the outside air into the closed system. The 
circulation of air inside the chambers was facilitated using 
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a 9-lnch electric fan under the canopy. 
Description of the experiment 
The area of soybeans used in these measurements has been 
described in Part I in the section describing the measurement 
of diurnal variation. The aim of the experiment was to meas­
ure net photosynthetic rates at various levels of leaf rela­
tive turgidity under normal field conditions. This was ac­
complished by using the two plots with similar canopies at 
two levels of soil moisture (field capacity and 325^ of field 
capacity) described in Part II. 
One chamber was placed within each plot. The area of 
p 
soil covered by each chamber was 55.56 dm. and the chambers 
were centered over a row of soybeans, with 19 plants included 
in each chamber. Measurements of COg assimilation were made 
for periods of 30 minutes on one chamber. The total volume 
of COg added to the chamber during this period was considered 
to be net photosynthesis. The flexible conduits connecting 
the air conditioner to the chamber were then removed and con­
nected to the other chamber. After 15 minutes to allow the 
equipment to stabilize, a 30 minute reading was taken on the 
second chamber. 
At the start and finish of each measurement period a leaf 
sample was taken from the upper exposed mature leaves of the 
canopy inside the chambers. Only two leaf sections were taken 
for each sample to limit excessive leaf removal during the 
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experimental period. The relative turgidity of these samples 
was then determined as soon as possible after sampling, in 
the laboratory, using the methods described In Part I. 
Alternate measurements were continued on each chamber 
throughout the day for a total of 5 days during August of 
1964. Over the first three of these days, the RT levels in 
the stress treatment did not drop lower than 85. This ap­
peared to be due to the low vapor pressure deficit of the 
air (cg-e^ = 5-10 mm.) in the chamber, which reduced trans­
piration rates and allowed the stress plants to maintain mod­
erate turgor levels (the stress treatment outside the chamber 
on these days showed RT values of 79-80 during the middle of 
the day). For these reasons it was necessary to construct a 
drying chamber, consisting of a wooden box containing a gauze 
frame filled with granular anhydrous calcium sulphate. This 
device was placed to dry the air after it left the air con­
ditioner (the majority of the water vapor was still condensed 
in the air conditioner). Measurements on two of the five 
days were conducted using this system to Increase transpira­
tion demand by increasing the vapor pressure gradient, and 
obtaining a greater range of plant water deficits in the 
stress treatment. 
The air temperatures in the two chambers were maintained 
at similar levels, since the same thermostat reading was used 
on the air conditioner for each chamber during any period of 
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the day. The air temperature measured at the air outlet 
ranged from 25°C at 0800 hours to 31°C at 1400 hours. This 
temperature range is close to the optimum range for photo­
synthesis in soybeans as reported by Murata and lyama (70). 
Leaf Area Development 
The effect of internal plant water stress at three levels 
of intensity on leaf area development at four stages of growth 
was investigated in 1963. The four stages of growth studied 
were of 11 days each, back-to-back, covering 44 days during 
the grand period of growth. These periods of growth are de­
fined in Table 3> in terms of the percent development of var­
ious plant components. This expression of development repres­
ents the range of changes that occurred over the 11-day period 
in control plants (maintained at approximately field capacity) 
expressed as a percentage of the maximum development of each 
component, e.g., leaf weight change from 10-25# during the 
period represents a 15# increase based on the maximum leaf 
weight. This form of definition allows the periods to be 
compared as to the major phenological developments which 
occurred. 
During 1963, three control potometers containing 12 
plants each, were harvested every 11 days, and the components 
weighed and leaf area measured. These data, shown in Figure 
25, are expressed as grams of dry matter per potometer (12 
plants) on an accumulated basis. The percent development 
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Table 3. Average phenologlcal changes which occurred in the 
control treatment (non-stress) over the four stress 
periods in 1963: the change in the development of 
each component during each period expressed as a 
percentage of the maximum development of each 
component 
Leaf^ Leaf^ Stem^ Bean Flower^ 
Period Dates area wt. wt. wt. number 
1 7/6-7/16 43-65^ 38-52 23-4 — 10-20 
2 7/17-7/27 65-81 52-88 41-72 -- 20-90 
3 7/28-8/7 81-100 88-100 72-98 0-10 90-100 
4 8/8-8/18 100-80 100-93 98-100 10-28 
*Green leaves only. 
^Includes stem, petiole, pulvinus. 
^Number of flowering nodes (maximum = I 6 . 5 ) .  
^Pirst number is % development beginning period, second 
number is % development end of period. 
data in Table 3 are obtained from these data. 
Three stress treatments were imposed in each period and 
the treatments were defined in terms of the number of days on 
which wilting occurred during the eleven day period and the 
degree of water stress (measured by RT at 1400 hours). Varia­
tions in weather conditions from period to period and within 
a period necessitated a degree of flexibility in the definition 
of treatment effects. The aim of the experiment was to obtain 
Figure 25. Mean dry matter production of stems, leaves (green), pods and beans 
for three potometers sampled at approximately 11 day intervals 
during 1963. Soil moisture maintained at field capacity 
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three water stresses of increasing intensity as defined by 
length and degree in Table 4. In the bottom portion of Table 
4 the two treatments which were not imposed according to the 
definition of the treatment effects are shown. This deviation 
was caused mainly by weather changes during the stress periods. 
The effect of the water stress was measured by harvesting 
3 replications (potometers) in each stress treatment 11 days 
after the end of the stress period. This allowed the plants 
to recover from the stress condition and leaf drop to occur 
during the 11-day period after the stress period was com­
pleted. Thus, the immediate effects of stress were not stud­
ied, but the result of water stress effects on plant develop­
ment when compared to fully watered controls eleven days 
after stress was applied. 
Period of Growth Experiment 
From pilot experiments conducted in 1963 it was deter­
mined that four days of stress, i.e. RT values at or below 
85 (or the point at which the first signs of wilting occurred 
in the leaves), was severe enough to cause measurable effects 
on growth, development and yield without causing atypical 
stress injury to develop. In other words, an intermediate 
stress was considered closer to the type of injury that would 
be received under normal stress environments in the field. 
In 1964, a comprehensive stage of growth versus water 
stress experiment was conducted, based on the application of 
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Table 4. Definition of stress treatments applied at four 
stages of growth in 1963 
Period of wilting Range of minimum RT 
Treatment days during period 
Stress I 2-3 76-80 
Stress 2 4-6 71-75 
Stress 3 7-8 66-72 
Control Nil > 88 
Treatments not applied as defined above were: 
Period 2 Stress 2 : 4 days mean, RT = 8o. 
Period 3 Stress I : 3 days mean, RT = 73. 
the above defined stress condition during eight periods of 
growth. Each period was of one week, back-to-back, covering 
a 56-day period beginning four days after the first flowers 
were produced in the base of the plant. The phenological 
events which occurred during each of these periods expressed 
as a percent of the maximum development of each component are 
presented in Table 5. 
The relative turgidity of the top leaves was determined, 
using the techniques described in Part I, at l400-l430 hours 
each day on the stressed potometers during the stress period. 
Based on these measurements, the potometers were stressed for 
four days of the seven days in each week and then watered when 
Table 5. Average phenological changes which occurred in the control treatment 
over the eight stress periods of 1964: the change in the develop­
ment of each component during each period expressed as a percentage 
of the maximum development of each component during the growth cycle 
Stem^ Leaf^ Pod^ Bean Flower^ Plant Leaf 
Period Dates wt. wt. wt. wt. number height area 
1 7/13-7/19 41-59 53-73 0-3 -- 19-62 44-66 52-69 
2 7/20-7/26 59-78 73-91 3-13 -- 62-81 66-89 69-80 
3 7/27-8/2 78-93 91-100 13-31 -- 81-98 89-96 80-92 
4 8/3-3/9 93-100 100-99 31-57 6-17 98-100 96-100 92-100 
5 8/10-8/16 100-100 99-95f 57-86 17-34 -- — 100-90f 
6 8/17-8/23 100-95^ 95-85I 86-95 34-72 -- — 90-78 
7 8/24-8/30 95-84 85-68 95-98 72-92 -- -- 78-71 
8 8/31-9/6 84-78 68-61 98-100 92-97 -- -- 71-60 
^Includes stem, petiole and pulvinus. 
^Green leaf weight only. 
^Includes only pods > in length. 
'^Number of flowering nodes (maximum = I 6 . 0 ) .  
^First number is fo development beginning period, second number is ^ develop­
ment end of period. 
f 
Decreases mainly due to loss of plant parts. 
127 
the stress as defined had been applied. Changing weather con­
ditions caused some departure from the ideal stress condition 
in certain weeks. The mean relative turgidity and soil mois­
ture determinations on a daily basis for each stress period 
are presented in Figures 26 and 2%. The stress was applied 
to six potometers in each week representing six replications 
(12 plants in each potometer), one from each block or row of 
potometers as described in Figure 2 of Part I. At all times, 
with the exception of the days of stress, all potometers in 
this experiment were maintained close to field capacity by 
daily watering. The water added was sufficient to replace 
only that water used since the last irrigation. By this 
means excessive leaching of the potometers was prevented. 
A total of 54 potometers were employed in this experi­
ment, comprised of 48 stressed units (8 periods x 6 replica­
tions) and six control cans watered throughout the experiment. 
Observations were made of plant development by weekly sampling 
of 2 potometers throughout the growing season. These were 
selected randomly from the potometers not used for this 
particular experiment. These data are shown in Table 5, ex­
pressed as the phenological change in each week as a percent 
of the minimum development of each component. 
At physiological maturity (September 20-25) the plants 
were harvested and the yield components measured for two 
strata on the 12 plants in each experimental unit. These 
strata were defined as including all nodes from ground level 
Figure 26. Mean RT (l400 hours) for each day of the eight 
temporary stress periods in 1964, showing 
control treatment (a) and stress treatment (b). 
Circles represent days where RT data was es­
timated from Equation 3 in Figure l6 
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to number 10 as stratum I, and stratum 2 as all nodes at 
harvest above node 10. Thus from each experimental unit two 
yield samples were obtained, one from the combined bottom 
portion of the 12 plants and one from the top portion. The 
weight of beans (dried to constant water content of 9-10# in 
a forced draft oven at 80°C), the number of pods, the number 
of beans per pod and the average bean weight (grams per bean) 
were determined on each stratum sample. A sub-sample of beans 
was forwarded to the U.S. Soybean Laboratory at Urbana, 
Illinois, for protein and oil determinations. 
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RESULTS AND DISCUSSION 
Net Photosynthesis 
The effect of light on canopy net photosynthesis In soy­
beans (variety Hawkeye) has been described by Sakamoto and 
Shaw (89). These data Indicate a canopy saturation point 
ranging from 4000-6000 ft. candles depending on the stage of 
growth. To remove the effects of light from the net photo­
synthesis data In this experiment, only measurements obtained 
during periods where the average light intensity (Weston light 
meter. Model 75^) was above the saturation point, as defined 
by the above workers, were used in the analysis. Data ob­
tained during the early morning and late evening, or during 
cloudy periods, was thus neglected. 
The maximum net photosynthetlc rate obtained on each day 
(in the non-stressed chamber) for a 30-minute period was used 
as a basis for calculating the relative net photosynthesis for 
each period measured in both chambers on that particular day. 
The maximum rate on the 5 days measured, occurred between 
1000-1200 hours and at high levels of RT (> 90) in the non-
stressed canopy. 
The relative net photosynthesis (P/P^) is plotted as a 
function of the mean RT measured in the top leaves of the 
canopy in Figure 28. The hand-drawn curve and the data points 
show a sharp decline below an RT of -^90. These data are 
Figure 28. Relative net photosynthesis plotted as a func­
tion of mean relative turgidity for each 30-
minute measurement period (data points repres­
ent one period). Experiment 2 carried out 
using a drying element in the air stream to 
increase stress levels. Potential net photo­
synthesis equivalent to maximum rate each day 
in non-stress chamber 
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supported by the curve obtained by Murata and lyama (69) for 
soybeans (see Figure 28), where the water content on a fresh 
weight basis has been recalculated in terms of an approximate 
RT value. The conclusions of Gaastra (3^) and other workers, 
regarding the importance of leaf water deficit in the reduc­
tion of photosynthetlc rates by an increase in stomatal and, 
or, mesophyll resistance to COg diffusion is important in a 
consideration of these data. The observations of stomatal 
closure made in Chapter 2 would indicate a gradual closure 
of stomata, at least in the exposed leaves of the canopy in 
the RT range below 89, with complete closure apparently 
evident at 83. The variability of the photosynthesis data 
precludes any firm conclusions regarding the actual level 
of RT at which net photosynthesis declined. Assuming that 
the effect of water stress on photosynthesis operates through 
the diffusion process, then it would seem that stomatal clo­
sure would have some effect on these results. The relative 
Importance of stomatal and mesophyll resistance cannot be 
elucidated from these data. 
Leaf Area Development 
The results of leaf area determinations on the three 
stress treatments (as defined in Table 4) applied at four 
periods of growth (as defined in Table 3) are shown in Table 
6. The data represents the percent reduction in leaf area 
measured 11 days after the completion of each of the 11-day 
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Table 6. Effect of three degrees^ of water stress on leaf 
area development 11 days after the stress period, 
over four periods of growth^ in 196$;, expressed 
as a percent of the control leaf area 
Degrees of stress 
12 3 
Stress Phenological Control 
period change in LAI LAI ^ of control LAI 
1 43 - 65 4.70 102 (0) = 85 (0) 82 (0) 
2 65 - 81 5.77 82 (0) 76 (8) 59 (18) 
3 81 - 100 4.50 75 (60) 69 (83) 42 (95) 
4 100 - 80 4.20 68 (100) 51 (100) 25 (100) 
^Defined in Table 4. 
^Defined in Table 3. 
^Data explained in Table 3. 
^Measured 11 days after stress period completed, or 22 
days from beginning of period. 
6 
Percent of reduction in LAI due to leaf losses. 
stress periods, and is expressed as a percent of the control 
LAI measured on the day of harvest. There is a marked effect 
on leaf area in periods 3 and 4, which is primarily due to an 
increased rate of leaf abscission. The effect on leaf area 
was most marked in period 4 where all of the leaf area reduc­
tion, when compared to the controls, was due to leaf losses. 
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The reduction in leaf area which occurred in periods 1 and 2 
was primarily due to a reduced rate of growth. 
The leaf area changes during stress periods 1 and 2 in 
control plants are associated with growth (see Table 6), 
while in period 4 growth has ceased. Where leaf area expan­
sion is actively occurring, leaf area reductions due to water 
stress result from decreased rate of growth. Where leaf area 
expansion has been completed, water stress merely increases 
the rate of leaf abscission. The relationship of these data 
to the overall effects on bean yield is difficult to ascer­
tain, due to the concurrent effects of stress in reducing the 
size of the photosynthestic sink. This latter effect is 
described in the next section. 
Period of Growth Experiment 
The yield of soybeans per acre may be expressed as a 
function of the yield component as follows: 
Y  =  N x A x B x C  
where Y = Yield beans per acre, 
N = Number of plants per acre, 
A  = Mean number of pods per plant, 
B  = Mean number of beans per pod, 
C = Mean bean weight (grams per bean). 
Water stress may be expected to influence the number of 
plants established per acre only during the establishment 
phase. This latter term, in the yield component equation. 
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will be ignored in the present work. The effects of a defined 
(Figures 26 and 27) temporary plant water stress applied at 
each of eight periods of growth (Table 5) on the final yield 
will be discussed in terms of the components (A, B, C) de­
scribed above. These effects will be discussed in terms of 
the phenological events which occurred during the period of 
stress under consideration. 
A summary of the analyses of variance of the yield and 
yield component data for the two strata in each harvested 
potometer, for the eight stress periods and the one control 
treatment, with six replications, is presented in Table 7. 
The effect of water stress is highly significant (P < 0.01) 
in each analysis. The difference between stratum 1 (nodes 0-
10) and stratum 2 (nodes > 10) is also significant in each 
analysis. The effect of the interaction of strata and stress 
period is significant (P < 0.01) only in the analysis of yield 
and pod number. 
Yield 
The mean yield data (grams per strata per plant or grams 
per plant) for the eight stress periods and the control treat­
ment are shown in Figure 29. The significant ranges by Dun­
can's Multiple Range Test are illustrated in the top portion 
of Figure 29 for the yield means on a whole plant basis. The 
means foe each stratum within each treatment are shown in the 
lower portion of Figure 29 to Illustrate the significant 
Table 7. Summary of the analyses of variance of yield (Y), pod number (A), number 
of beans per pod (B) and bean weight (C) for the water stress period of 
growth experiment in 1964 
Source of Y A B C 1 
variation d/f m.s. P m.s. F m.s. P m.s. F 
# ** «« 
Blocks 5 68.55 2.80 186.14 1.08 ' 
** ** 
0.088 HI 11.28 
Stress period 8 504.73 20.61 2842.42 16.56 0.264 11.48 27.99 13.99 
Error (l) 40 24.49 ——— 171.63 ——— 
*• ** 
0.023 
* 
2.00 
** 
Strata 1 2800.92 162.28 35824.89 137.63 
** 
0.053 6.90 37.92 189.60 
Strata x stress 
period 
8 120.55 6.98 1569.48 6.03 0.012 1.65 0.34 1.70 
Error (2) 45 17.26 ——— 260.29 ——— 0.007 — — — 0.20 — — — 
Total 107 
Coefficients of variation (#) 
Error 1 16.8 11.4 9.^ 9.0 
Error 2 14.1 14.1 5.2 2.8 
•Significant at the 0.05 level of probability. 
••Significant at the 0.01 level of probability. 
Figure 29. Mean final yield of beans grams per plant and 
per stratum within plant for the eight stress 
treatments and the control in 1964 (mean of 
six replications). Top portion of graph shows 
mean yield per plant and appropriate signifi­
cant ranges for the ranked treatments (Duncan's 
Multiple Range Test), bottom portion shows mean 
yield per stratum and differences required for 
significance at 0.01 and 0.05 levels of proba­
bility between stratum means within treatments 
(vertical lines) 
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strata by treatment interaction. The vertical lines in the 
body of this latter graph are the differences required for 
significance at the 0.01 and 0.05 level of probability be­
tween stratum means within each treatment. The magnitude of 
the difference between strata within treatments Increased as 
the season progressed, the difference in periods 5, 6, 8, 
being highly significant (P < 0.01); whereas there was no 
difference between stratum means in periods 1 through 3. 
Water stress significantly reduced the yield of stratum 
1 below the control in all treatments except period 8. Water 
stress reduced the yield of stratum 2 (topportion of plant) 
below that of the control in periods 4, 5, 6, 7. In periods 
1 and 2 the yield of stratum 2 was greater than the control, 
but these differences were not significant at the 0.05 level. 
The overall effect of these reductions was to produce a marked 
differential effect of water stress on yield through the eight 
weeks. On a whole plant basis (top portion of Figure 29) 
periods 1 and 8 were not significantly different from the 
control. The maximum reduction in yield occurred in periods 
5, 6, and 7 with significantly less reduction in periods 2 
and 3. The reasons for these differential yield reductions 
depending on stage of growth will be evaluated in terms of 
the yield components. 
Pod number per plant 
The mean number of pods per stratum and for the whole 
plant for the stress and control treatments is presented in 
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Table 8, and in the top graph in Figure 30. Water stress 
during the flowering period (periods 2, 3) resulted in a sig­
nificant reduction in pod number in stratum 1. The pod number 
in stratum 2, period 4 (A = 6.9) showed a sharp drop from 
period 3 (A = 8.1). While not significant, this decrease may­
be indicative of the effects of water stress on pod number 
when flowering was taking place in the top of the plant. Thus 
the maximum reduction in pod number on a whole plant basis 
occurred in periods 2, 3# 4 and 5^ with significantly less 
reduction in periods 6 and 7. Periods 1 and 8 were not sig­
nificantly different from the control. For period 1, the main 
factor responsible for this effect was the significantly 
greater pod number in the top portion of the plant compared 
to the control at final harvest. In period 1 the plants had 
grown to one half of the maximum height, and thus the plant 
was fully capable of producing a larger number of pods in the 
top portion after the commencement of regrowth at the cessa­
tion of stress. 
The significant reduction in pod number which occurred 
in periods 5, 6 and 7 cannot be explained in terms of flower­
ing, since the main stem had ceased flowering in period 4. 
The pod development data (in Table 5) indicates a rapid in­
crease in pod weight during periods 5 and 6 in the control 
plants. The incidence of water stress during a period of 
rapid growth resulted in a reduction in pod number, presumably 
as the result of pod abortion, and, or, the killing of meris-
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Table 8. Mean pod^ number per stratum and per whole plant 
for the eight stress periods and the one control 
treatment in 1964 
Id C 
stratum 1 Stratum 2 Whole plant 
Period Number of pods 
1 11.5 
d 
no 10.3 1 21.8 Im 
2 9.0 q 8.3 m 17.3 n 
3 9.3 pq 8.1 m 17.4 no 
4 9.2 pq 6.9 m *e 16.1 0 
5 9.4 pq 7.0 m * l6.4 0 
6 10.8 op 7.2 m * 18.0 no 
7 12.5 mn 7.5 m * 20.0 mn 
8 13.5 Im 8.1 m * 21.6 1 
^Pods defined as > long and containing beans. 
^Stratum 1 defined as zone from nodes 0-10. 
^Stratum 2 defined as zone from nodes II to top of plant. 
^Means not followed by same letter are significantly dif­
ferent at 0.01 level of probability (Duncan's Multiple Range 
Test ). 
^Stratum means (within treatment) significantly different 
at 0.01 level of probability. 
Figure 30. Means of yield components per stratum and per 
plant for the eight stress treatments and the 
control (C) in 1964. A = pod number, B = 
number of mature beans per pod and C = average 
bean weight in grams per bean 
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terns In embryonic pod tissue. This effect may also be 
ascribed in some measure to the effects of water stress on 
flowering which was observed to be present in some stem 
branches as late as periods 5 and 6. 
Prom these data, the effect of water stress on pod num­
ber would appear to occur through flower abortion during the 
main flowering period, and pod abortion during the period of 
rapid pod growth after flowering. The data indicated a maxi­
mum reduction in pod number (on a whole plant basis) in 
periods 2, 3, 4 and 5, whereas the maximum yield reduction 
occurred during the period of bean filling (periods 5> 6 and 
7). The reasons for this apparent anomaly will be obvious in 
the discussion of the effects of the other two yield compo­
nents . 
The significant interaction of strata by treatment is 
illustrated by the magnitude of the difference between stratum 
means as shown in Figure 30. The reduction in pod number 
caused by stress during flowering in the base of the plant 
(2, 3) and 4 in stratum l) is compensated for by an increase 
in pod set in stratum 2. These two effects resulted in sim­
ilar pod number per stratum within each treatment in periods 
1 through 3. The increase in pod number in stratum 1 with 
time (after period 5) and the decrease in pod number in 
stratum 2 (after period 3), occurred because the sensitive 
period for pod abortion shifted from the bottom to the top 
of the plant during that period. 
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Number of beans per pod 
The analysis of variance (Table 7) has shown a signifi­
cant effect of treatment on the number of mature beans per 
pod. The definition of a mature bean is one greater than 3.5 
mm. in length (short axis) and having a relatively smooth 
seed coat. Unfilled or immature embryos were generally smaller 
than 3-5 mm. and were crinkly in appearance. The significant 
ranges as determined by Duncan's Multiple Range Test for the 
means of the eight stress and one control treatments for 
mature and immature beans is shown in Table 9, for the whole 
plant data. A further analysis of variance was carried out on 
the sum of these latter data, a sum which represents the total 
number of identifiable beans per pod. These data are also 
presented in Table 9. 
The number of mature beans per pod shows a significant 
reduction in periods 6, and 7, while the immature beans 
show a coincidental significant increase, compared to the 
control, during the same periods. The total beans per pod 
analysis indicated no significant differences in any compo­
nent of the analysis of variance, and the means of each 
treatment showed a striking similarity. These data, when 
reviewed in the light of the phenological data in Table 5, 
indicate a very important phenomenon which may exist in soy­
beans when exposed to water stress. The close agreement of 
the means for the total bean number over all periods and the 
control seems to indicate that, once a soybean plant retains 
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Table 9. Mean number of mature and immature beans per pod 
for the whole plant in the eight stress periods 
and one control treatment in 1964 
Mature beans^ Immature beans^ Total 
Period per pod per pod per pod 
1 1.66 1° 0.36 mn 2.02 1 
2 1.77 1 0.27 n 2.04 1 
3 1.78 1 0.27 n 2.05 1 
4 1.66 1 0.29 n 1.95 1 
5 1.45 m 0.50 Im 1.95 1 
6 1.42 m 0.63 1 2.05 1 
7 1.44 m 0.58 1 2.02 1 
8 1.71 1 0.33 mn 2.04 1 
Control 1.72 1 0.33 mn 2.05 1 
Mature > 3.5 mm. (short axis) and smooth exterior. 
^Immature < 3.5 mm. (short axis) and rough exterior. 
^Means not followed by same letter are significantly 
different at 0.05 level of probability (Duncan's Test). 
the pods (i.e. if pod abortion can be avoided during water 
stress), the number of identifiable beans is unaffected by 
stress conditions. An important factor in causing yield re­
duction would appear to result (in periods 5^ 6 and 7) from a 
reduction in the number of mature or harvestable beans per 
pod; i.e. water stress has interfered in the pod-filling 
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process resulting In a reduction In the number filled. A 
slight Increase In bean number per pod compared to the control 
in periods 2 and 3 appears to have an explanation in terms of 
the ability to fill out more beans per pod when there as been 
a reduction in pod number early in the season. The plant has 
a photosynthetlc sink less than potential, a situation which 
may result in greater bean filling during the period of ade­
quate photosynthesis following the early stress period. 
Bean weight (grams per bean) 
The analysis of variance for this component in Table 7 
has indicated a significant effect of water stress, but no 
significant interaction between strata and treatment. The 
mean data by strata and for the whole plant over the eight 
stress periods and the one control are presented in Figure 30 
(lower graph) and in Table 10. In Figure 30 it can be seen 
that a relatively constant difference between strata was main­
tained throughout the experimental period; i.e. no Interaction 
between strata and treatment was present. In Table 10 the 
greatest reduction in bean size occurred in period 7, while 
the maximum bean size occurred in stratum 1 of period 2, The 
earlier observations regarding the effect of early stresses 
in reducing the size of the photosynthetlc sink (which re­
sulted in a slight Increase in harvestable beans per pod), 
may also explain the Increased bean weight as compared to the 
control, particularly in period 2, stratum 1. The lack of a 
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Table 10. Mean bean^ weight (grams/bean) by stratum and for 
the whole plant. In the eight stress periods and 
one control treatment In 1964 
Period 
Stratum 1^ Stratum 2° Whole plant 
Average bean weight (grams/bean ) 
1 0.168 0.158 **d 0.163 Im® 
2 0.182 0.169 ** 0.176 1 
3 0.173 0.159 ** 0.166 Im 
4 0.162 0.157 * 0.160 Im 
5 0.159 0.144 ** 0.152 m 
6 0.163 0.148 *• 0.155 m 
7 0.128 0.114 ** 0.121 n 
8 0.163 0.152 ** 0.158 Im 
^Beans defined as > 3.5 mm. short axis, smoother exterior. 
^Stratum 1 defined as zone from nodes 0-10. 
^Stratum 2 defined as zone from node 11 to top of plant. 
^Stratum means (within treatment) significantly different 
at 0.01 and 0.05 levels of probability. 
e 
Means not followed by same letter are significantly dif­
ferent at 0.05 level of probability (Duncan's Test). 
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significant strata by treatment interaction prevents the test­
ing of stratum means across treatments in this analysis. 
From these data the maximum effect of water stress on 
bean size has been shown to occur during the bean filling 
period (5, 6 and 7), with a slightly enhanced bean size wnen 
compared with the control in period 2. Thus both bean number 
per pod and bean size (or average bean weight) have been re­
duced by water stresses during the period of maximum overall 
yield reduction in periods 3, 6 and 7, 
Combined effects of the yield components 
From the above considerations it can be readily seen that 
all three yield components are affected by water stress, but 
that the effects vary depending on the stage of growth. The 
mean yield, pod number, bean number per pod, and bean weight 
data for the whole plant over the eight stress periods and the 
one control are presented collectively in Table 11. These 
basic data were analyzed as an aid in differentiating the 
importance of the various yield components in causing yield 
reductions as a result of water stress at the various periods 
of growth. 
The reduction in yield (AY^) of a stressed treatment (i 
= 1,...,8) is given by 
iYl = Yo - ïi (6) 
where = Control yield (grams per plant) 
Y^ g Stress yield (grams per plant) 
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Table 11. The effect of a temporary water stress applied at 
each of eight periods of growth on mean bean yield 
(grams/plant), pods per plant, number of beans per 
pod and bean weight (grams/bean) in 1964 (whole 
plant data) 
Period 
Yield^ 
gms. per 
plant 
Pods^ 
no. per 
plant 
Beans Bean weight^ 
no. per gms. per bear 
pod 
1 5 .92 21 .83 1.65 0.163 
2 5 .35 17 .32 1.76 0.176 
3 5 .20 17 .49 1.78 0.166 
4 4 .31 16 .13 1.66 0.160 
5 3 .59 16 .40 1.44 0.152 
6 4 .00 18 .03 1.42 0.156 
7 3 .55 20 .00 1.43 0.121 
8 5 .80 21 .57 1.70 0.158 
Control 6 .49 23 .00 1.72 0.163 
^Beans: 3.5 mm. (short axis); 8-10$ moisture. 
^Pods: > length and containing beans. 
^Determined by counting number of beans in each sample. 
This reduction in yield can be given by the following equation: 
= (A.B.AC)i + (A.C.AA)i + (A.AB.AC)^^ + (B.AA.AC)^ (?) 
+ (C.AA.AB)^ + (aA.AB.AC)j^ 
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where 'Aj_ = 
AB^ = Bg - B^ 
ACi = 
This equation represents the main effects of each conipo-
aent (terms 1-3), the two-way Interactions (terms 4-6), and 
the one three-way interaction (term 7). In general, the ex­
pression for a main effect represents the contribution to the 
yield reduction due to that component for average effects of 
the other components. Using this expression the means in 
Table 11 were analyzed and the results shown in Figure 31. 
For each period of stress the contribution of each component 
(grams of beans per plant) is shown as a positive or negative 
value. The positive effects on yield were recorded where 
yield components were greater than the appropriate value for 
the control treatment. This figure shows clearly the effect 
of reduction in pod number in periods 2 and 3, and the re­
covery factor Introduced by higher seed weight in period 2, 
and greater seeds per pod in period 3. The relative impor­
tance of the various components may be summarized in Table 12. 
The general trends already discussed are presented in relative 
terms. In periods 1 through 5, pod number is the main factor 
in yield reduction, with slight positive effects of b and G in 
periods 2 and 3. In periods 6 through 8 bean number per pod 
(b) and bean weight (c) play a large role, particularly b in 
period 6 and C in period 7. The most critical period of 
growth in terms of water stress was the bean filling period 
Figure 31. Main effects of yield components (A = pod number per plant, B = 
number beans per pod, C = grams per bean) and the sum of the Inter­
actions in causing yield changes (aY) from the control in the 1964 
stress experiment. Negative effects represent effects due to in­
crease in magnitude of components B and C above the control, due 
to stress. Sum of positive and negative effects represents 
absolute yield reduction per plant for each stress treatment 
(see Equation 7 in text) 
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Table 12. The relative Influence of the yield components as 
factors in yield reduction caused by water stress 
at eight periods of growth in 1964 
Relative component effect 
Yield 
Period Process reduction $ ^ A B C -fr-
1 P°(l9-62)^ 9® -54 -37 -6 -3 (AB)f 
2 F (62-81) 18 -152 +11 +29 +12 (AC) 
3 F (01-98) 20 -126 +15 +5 +6 (AB) 
4 P (31-57) 34 -8^ -7 -5 -6 (AB) 
5 B (17-34) 45 -50 -24 -10 -16 (AB) 
b B (34-72) 38 -45 -34 -7 -14 (AB) 
7 B (72-92) 45 -18 -23 -40 -19 (BC) 
8 B (92-97) 11 -54 -10 -33 -3 (AB) 
a 
Percent of AY due to :A, AB, -C, and the sum of the inter­
actions (l). 
pod number, B beans per pod, C bean size, I inter­
actions . 
flowering, P pod development, 3 bean filling. 
^Percent of development during period from Table 5 • 
e 
Percent of reduction below control yield. 
f 
Indicates major interaction effect. 
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(period j). In Figure 26 the results of RT sampling indicate 
an increase in the mean RT in the middle of the stress period 
in period 6. If this had not occurred, the bean size (and 
bean number per pod) may have been more affected by stress 
during that period. This would have added more support to the 
above conclusions regarding the relative importance of the 
bean filling period. 
Protein and oil content and yield 
The analysis of variance for protein and oil content and 
yield for the whole plant data over the eight stress periods 
and the one control is presented in Table 13. These data show 
a highly significant effect of water stress (P < 0.01) in each 
analysis. The means of the treatments are presented in Table 
l4 (including Duncan's Multiple Range Test at P < 0.05). The 
protein and oil percent data are plotted in Figure 32 for the 
eight stress periods. The effects of water stress on the 
quality factors are well defined. The maximum protein percent 
occurred in period J, which coincided with the smallest bean 
size (see Table 10). The minimum protein percent was associated 
with the higher seed weights in periods 2 and 3. In the case 
of oil percent the reversed situation was evident, with the 
maximum oil percent in periods 2 and 3 (and the control) and 
the minimum oil percent in period 7. The protein data show 
similar trends as those in wheat, where high protein percent 
is associated with low seed weights under water stress condi-
Table 13. Summary of the analyses of variance for percent protein, protein yield, 
percent oil, and oil yield for the whole plant data from the eight 
stress periods and one control treatment in 1964 
Source of 
variation d/f 
Protein % Protein yield Oil % Oil yield 
m.s.* F m.s. F m.s. F m.s. F 
Blocks 5 1.134 1.43 
** 
22.647 2.95 
** 
0.629 1 
1 1 
0
 *
 
1 
0
0
 
*
 
6.979 2.91 
** 
Treatments 8 6.725 8.51 164.369 21.43 4.981 14 .27 50.813 21.22 
Error 40 0.790 7.671 0.349 2.395 
Total 53 
Coeff icients of variation $ 
2.1 11.2 3.0 13.3 
^Mean square. 
* Significant at the 0.05 level of probability. 
••Significant at the 0.01 level of probability. 
l6l 
Table l4. Mean protein and oil percentage and yield for the 
whole plant over the eight stress periods and the 
one control treatment in 1964 
Protein Oil 
_ Yield ~7 Yield 
Period ^ gms./plant % gms./plant 
1 4 2 . 4  Im^ 2.50 Im 1 9 . 7  Im 1.16 m 
2  4 1 . 5  m 2.22 mn 20.1 1 1.07 m 
3  40.2 n 2.09 n 20.2 1  1.05 m 
4  4 1 . 1  n 1.76 0 19.8 Im 0.85 n 
5  41.9 m 1.50 0 1 9 . 1  mn 0.69 0 
6 43.3 1  1 . 7 3  0 18.6 n 0 . 7 4  no 
7  4 3 . 5  1 1 . 5 3  0 1 7 . 5  0 0.62 0 
8 41.9 m 2.43 Im 1 9 . 6  Im 1 . 1 4  m 
Control 4 1 . 4  m 2.68 1 2 0 . 3  1 1 . 3 1  1 
a 
Dry matter basis. 
^Means not followed by the same letter are significantly 
different at 0.05 level of probability. 
tions (73). 
Factors in yield reduction 
The effects of water stress on yield have been discussed 
in terms of the yield components. The effects on these yield 
components have been shown to vary with the stage of pheno-
logical development. While these data show close association 
Figure 32. Mean protein and oil percent of mature beans 
harvested from stress treatments in 1964. 
Control level of each factor shown by indicated 
horizontal lines. Duncan's test ranges shown 
in body of each graph for ranked treatments 
(left to right) 
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with phenologlcal changes, they do not explain the direct 
effects of water stress on yield. 
The cause of the reduction in the number of viable flow­
ers induced by stress during the flowering period cannot be 
ascertained directly from these data. A reduction in photo-
synthetic activity and a resultant decrease in translocation 
of photosynthates to the developing flower in the leaf axil 
may be an important factor in this regard. Since it has been 
shown (63) that growth may be more affected by water stress 
than photosynthesis, it is perhaps more reasonable to assume 
that a decrease in tissue turgor during a critical period in 
the growth of each flower, has prevented cell elongation and 
thus caused the abortion of flowers. 
Similar arguments could be employed in the discussion of 
the causes of pod abortion during the period of rapid pod 
growth. The decrease in bean weight and beans per pod during 
the period of bean filling has been shown to have an important 
effect on yield levels during this period. The direct causes 
of this phenomenon are probably easier to explain in terms of 
a direct interference with the assimilatory process (and, or, 
translocation) during a period where rapid increases in oean 
weight were evident. This factor has been discussed by Denmead 
and Shaw (23) to explain yield depression by stress during the 
kernel filling period in corn. 
The interaction of water stress in causing reductions in 
leaf area (from a reduction in growth or an increase in leaf 
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fall) and the effects of these reductions on bean yield are 
very complicated factors in soybeans. The work of Shlbles and 
Weber (96) and Sakamoto and Shaw (89) have Indicated an ex­
cessive leaf area development (LAI > optimum) in many of the 
adapted soybean varieties in the region. Under these circum­
stances the effects of water stress on leaf area development 
as a factor in yield depression may not be as important as the 
more direct effects on reproductive development, A reduction 
in stem growth, which probably is associated with water 
stresses during the period of rapid elongation, could be an 
important factor in yield depression, by sirply limiting the 
number of nodes and thus the number of sites for potential pod 
development. 
In considering the results of an experiment of this 
nature, it is important to view the differences between the 
stress treatments and the normal field situation. Firstly, 
no consideration has been given here to the possible inter­
acting effects of two or more stress periods or of a stress 
of long duration of a moderate stress level. Secondly, it is 
rare to find stresses under field conditions imposed on plants 
that are maintained at field capacity throughout the growth 
cycle except during four or five days at a certain stage of 
growth. 
The data reported here should be interpreted as a study 
of the relative effects of stress at various stages of growth 
and as an indication of the overall critical period where 
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stresses ma,y cause major yield reductions. Under field con­
ditions the effects of a water stress must be considered in 
terms of the history of plant development and the subsequent 
treatment. 
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CONCLUSIONS 
Water stress, as measured by the relative turgidity of 
the upper exposed leaves of the canopy, has been shown to: 
1. Reduce net photosynthesis in the range of RT from 
90-80 to approximately 10 percent of the potential 
net photosynthesis (measured under clear sky condi­
tions and at high levels of leaf turgor). This ef­
fect has been discussed in terms of observed changes 
in stomatal aperture over the range of RT from 90-83; 
2. Reduce the rate of leaf production during the period 
of active increase in leaf area, and increase the 
rate of leaf drop from the lower nodes during the 
period following maximum LAI; 
3 .  Reduce the final yield significantly during the 
period 2 to 7 weeks after first flowering in the 
base of the plant. These reductions in yield were 
evaluated in terms of the effects of three yield 
components; pod number, beans per pod, and bean size. 
Reduction in pod number caused by water stresses 
during flowering and pod development, which resulted 
in flower and pod abortion, was closely associated 
with yield depression during periods 2  through 5 .  
The maximum effect of water stress on yield occurred 
during the bean filling period (periods 5 through 7), 
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when stresses reduced both the number of harvestable 
beans per pod and the average bean size, as well as 
the number of pods per plant. 
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PART IV. INDEX OP WATER STRESS IN RELATION TO YIELD 
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INTRODUCTION 
The development of a quantitative index to characterize 
the effects of environmental water deficits on crop production 
would be of considerable value in agricultural planning, inter­
pretation and extrapolation of agricultural research results 
and in farm management operations. The quantitative evalua­
tion of water deficits as they affect economic- yields has not 
met with a great deal of success. The use of average or summa­
tions of raw weather data as variables in simple and multiple 
regression equations has been the main avenue of approach to 
this problem. Variables such as seasonal or average precipita­
tion, temperature and humidity are either not directly related 
to the production processes limiting crop yield or the rela­
tionships are not adequately described by simple regression 
methods. 
The Internal water balance of a crop community on a daily 
basis throughout the growing season is the integrated result 
of fluctuations in the evaporative demand by the atmosphere and 
soil moisture supply. In Part I, equations have been developed 
which allow the estimation of the daily minimum relative tur-
gidity from soil moisture data and various meteorological para­
meters. In Part II the daily évapotranspiration rate under 
field conditions has been defined in terms of atmospheric de­
mand and soil moisture supply. In Part III the phenological 
periods during the growth cycle of soybeans believed to be 
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most susceptible to internal water deficits have been defined 
and the factors responsible for yield reduction delineated. 
In the present study, the development of an index which 
characterizes water stress will be described and its relation 
to yield under field conditions investigated. Soil moisture 
under soybeans will be estimated using the water balance ap­
proach of Shaw (95), and the évapotranspiration relationships 
established in Part II. The soil moisture profile data on a 
daily basis for a long term (21 years) soybean experiment will 
be estimated using this method. Using these data and meteoro­
logical observations, an estimate of daily minimum relative 
turgidity during the critical periods of growth will be ob­
tained using an equation developed in Part I. From these 
turgor estimates an index of production will be described 
based on the net photosynthesis-turgor relationship established 
in Part III. Tne index so developed, will then be evaluated 
as an estimator of crop yields using a series of long term 
soybean variety yields, grown on the same soil type, and with 
the same cultural practices, over a period of 21 years. 
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REVIEV/ OP LITERATURE 
The economic yield of agricultural plants is determined 
by the genetic potential of the genotype and by the complex 
interaction of a wide spectrum of environmental factors. Stud­
ies of the importance of various climatic factors of the envi­
ronment have received considerable attention in the literature. 
Lawes and Gilbert (59) published a detailed comparison of 
the meteorological characteristics of favorable and unfavorable 
seasons for winter wheat production for the years 1852-188O at 
Rothamsted. They concluded that -- "mildness and comparative 
dryness ... of the winter and early spring have been the 
characteristics of the most productive seasons". This rather 
subjective analysis was perhaps the first published study of 
the subject of weather and crop yields. Prior to 1907 most of 
the work in this field involved a subjective analysis of 
weather effects, no serious attempt being made at any mathe­
matical interpretations. The development of correlation as a 
research tool gave considerable impetus to more detailed ap­
proaches . 
Raw Weather Data in Weather-Crop Studies 
Raw weather data in this review refers to actual observa­
tions or means of published meteorological data. Hooker (50) 
in 1907 appears to be the first to apply formal correlation 
methods to weather-crop relationships. This study involved 
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the calculations of some 700 total correlation coefficients 
between the yields of ten crops and rainfall and temperature 
for successive overlapping eight-week calendar periods for a 
20-year period. The partial correlation coefficients of yield 
on rainfall, after elimination of temperature effects, and of 
yield on temperature, after elimination of rainfall effects, 
were also shown for each period. The coefficients were plotted 
against time. The data indicated definite maxima and minima 
during the growing season. The correlation of average calendar 
period raw weather data versus final crop yields has become a 
widely accepted method of weather-crop analysis since the 
original study by Hooker. Hannay (45) in a bibliography of 
studies on the influence of weather on crops for the period 
1900-1930 included references to a large number of correlation 
studies of yield versus various gross measurements of the envi­
ronment, particularly temperature and precipitation. Wang and 
Barger (II7), in a general review of agricultural meteorology, 
presented over 200 references to studies Involving the rela­
tionship between weather conditions and final yield. The 
majority of these studies employed correlation methods. 
Sanderson (90) indicated that the prediction value of 
most of the formulas derived in the studies up to 1954 was 
very poor. He attributed this to the lack of any a priori 
hypotheses concerning the underlying relationships between 
various weather factors and yield. The formulae used repres­
ented the result of a systematic selection process from among 
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a large number of possible predictors, Sanderson also pres­
ented the often heard argument that correlations do not supply 
evidence of causation. In other wordg a weather variable 
which is found to be correlated with final yield may owe its 
apparent "influence" partly or entirely to its intercorrela-
tion with the révélant variable, particularly if the latter is 
not included in the analysis. 
According to Watson (ll8) correlation methods using raw 
weather variables have not been particularly successful in 
explaining how yield depends on weather. He indicated a 
fundamental defect in the approach is that dependence of 
yield on climatic factors is usually far too complex to be 
described adequately by linear regressions on a few gross 
measures of climatic variation except, perhaps, when one fac­
tor > most likely rainfall, or lack of it, dominates over all 
others. 
Regional studies based on average yields or total yields 
and average weather variables have been caried out as a means 
of predicting overall crop yield. Sanderson (90) presents a 
review of these studies along with a critical discussion of 
methods employed. He concluded that crop forecasting based 
on weather factors using correlation methods has been more 
successful in regions where crop conditions are dominated by 
a single limiting factor, such as moisture supply. In areas 
where the various weather factors have more equal weight, the 
accuracy of prediction is not as great. Sanderson observed 
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that correlation methods were more accurate in predicting 
yields of annual crops than in the case of perennials, such as 
fruit trees. Recently Thompson (109) has revived interest in 
yield prediction on ^  region basis, using average monthly 
values of temperatur^and rainfall in multiple curvilinear 
regression. With the t\3e of 15 variables including linear, 
quadratic and interaction terms for July and August rainfall, 
as well as a term for trei\d, he has explained a major propor­
tion of annual yield variation for crops in the corn belt 
states. In many cases, squared multiple correlation coeffi­
cients of 0.95 have been obtained. 
Studies of the relationships between weather and yield 
at the level of a particular experimental field, using closely 
associated weather data, would seem to be better suited for 
the elucidation of cause and effect relationships than is the 
case with regional studies. The amount of averaging necessary 
in regional studies appears to mask the specific effect of 
particular variables at any one site ( I I 8 ) .  
Watson ( 1 1 8 )  has reviewed the history of attempts to ex­
plain yield variation in the longterm yield experiments at 
Rothamsted. Fisher (30) analyzed the year-to-year effects 
of rainfall on the variation in wheat yields for thirteen 
plots over a 60-year period at Rothamsted. Fifth degree 
polynomials were fitted to the seasonal rainfall distribu­
tion for each year. The six parameters of these equations, 
along with total annual rainfall, were then used as independ­
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ent variables in multiple regression. He explained a signifi­
cant proportion of the variation in yield but did not test the 
significance of the partial regressions on each rainfall vari­
ant, In conclusion. Fisher only reaffirmed the earlier sub­
jective observations of Lawes and Gilbert. 
With the advent of electronic computers. Buck (12) was 
able to reexamine these data using multiple regressions of 
yield on seventeen variants (5 representing the time trend of 
yield, 6 rainfall and 5 temperature variants) for 6 plots 
over 67 years of observation. The only significant partial 
regression was that of total annual rainfall. Watson con­
cluded, that after 80 years of study, the only statistically 
significant relationship established was that yield decreased 
with increases in rainfall above average. The absence of any 
clearly defined effects in the Rothamsted data could well be 
due to the absence of any clearly defined limitation by any 
one factor in the environment. 
Attempts by other workers to explain plot yield variation 
and to indicate significant effects of particular variables 
have been more successful. Gosele (42) presented correlation 
coefficients between weather conditions and yield for a range 
of cereal crops at Wurttemberg in Germany. Brouwer (11) re­
ported on other German work where consideration was given to 
phenological dates and not calendar dates for the evaluation 
of the effects of weather on yield. Ziegler (126) investigated 
the effects of weather factors on the yield components of 
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oats using correlation methods. These latter studies repres­
ented departures from the standard method of regressing final 
yield on calendar period averages of weather factors, which 
has been referred to extensively in the literature. 
In general terms, the use of correlation techniques utiliz­
ing raw weather variables have had predictive value in some in­
stances, both on a regional and a plot basis. This has usually 
occurred where one or more weather factors are of over-riding 
importance in yield determination. In other instances the 
confidence limits of predicted yields have been very wide. 
(Thomas £t , 107). 
Indexes Derived from Weather Data 
in Weather-Crop Studies 
The various climatic influences on plant growth can be 
reduced to three basic elements: light, temperature and the 
water balance of the plant, (Sanderson, 90). Dale (15) indi­
cates that many weather-crop studies utilized weather data, 
such as precipitation and average temperatures, because of the 
accessibility of these data. These type of data are related 
to the processes determining yield, but in an indirect way. 
Studies using various measures of plant environment derived 
from weather data having a closer relationship to yield causa­
tion have had more success in the explanation of yield varia­
tion. These studies have been concerned with yield series from 
experimental plots and not with regional averages. 
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Poster ( 3 1 ) ,  using polynomial analysis, found that soil 
moisture and pan evaporation used as an Index of light energy 
were associated with the greatest amount of variation In cotton 
yields. Parks and Knetsch (75) defined the absence of avail­
able soil moisture as a drought day. A regression equation 
was developed using linear and quadratic terms for level of 
nitrogen, a linear weighted drought day Index, and Interaction 
terms. This model was associated with 97^ of the variation In 
corn yields on 5 replicated treatments In three years, Ewalt 
(29) using a similar Index of drought days had less success 
In explaining variation In corn yield. In this case, rainfall 
was more highly correlated with yield than were drought days. 
Schwanke (94) utilized 60^ available soil moisture as a 
threshold level for a stress day In a corn Irrigation experi­
ment over a five year period. The number of stress days 
occurring In the period 40 days either side of silking was 
associated with 88$^ of the variation in yield reduction, i.e. 
yields expressed as a percentage of the maximum yielding ir­
rigation treatment in each year. 
In the last three studies discussed, although the workers 
have used derived variables, such as soil moisture content, 
which are more closely associated with the causal factors in 
yield variation, they represent only modified versions of the 
raw weather variable studies previously mentioned. In most 
of the work on weather-crop relationships reviewed by the 
author, no serious attempt has been found which attempted to 
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develop an index of weather conditions based on the direct 
physiological reactions of the plant to it's environment. 
The work of Dale (15) and Shaw (l7) represents a major 
step forward in this direction. Dale has presented a defini­
tion of a non-stress day based on the transpiration measure­
ments of Denmead and Shaw (22) on corn. In the latter work 
the authors describe a hypothesized "turgor loss point" in 
corn based on the response curves of transpiration to soil 
moisture supply and atmospheric demand. Dale estimated the 
presence or absence of "daily stress" in a critical 9-week 
phenological period for a 30-year period in a series of long 
term corn plots at Ames, Iowa. He found that a regression 
model utilizing linear and quadratic terms for non stress 
days, linear and quadratic terms for stand, interaction be­
tween weather and stand and trend, was associated with 85^ of 
the variance in corn yield over a 30-year period. This tech­
nique offers a method of characterizing the effects of changes 
in the seasonal water regime on final yield. 
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INDEX DEVELOPMENT 
Tne basis for the index described in the present chapter 
is the relative turgidlty of the crop canopy at 14-00 hours on 
each day during the critical weeks of the growing season. 
This parameter has been used in Part I as an indicator of the 
dally water balance of the crop as determined by fluctuating 
soil moisture supply and evaporative demand. The mid-afternoon 
value was preferred over the early morning RT, since the major­
ity of the plant's potential photosynthetlc activity occurs 
during the time of high radiation, and water deficits during 
this time will directly affect assimilation of COg. Tne early 
morning value of turgor provides an estimator of the steady 
state condition during a non-productive period in terms of CO2 
assimilation, and does not provide a measure of the effects of 
daily changes In evaporative demand on plant turgor. A 
description of the of index development may be given as 
follows : 
1. The overall period of growth most susceptible to 
water stress was first determined. The critical period was 
shown in Part III to lie between first flowering in the base 
of the plant and the stage at which bean filling is virtually 
complete. Within this 8-week period, water stress appears to 
have more severe effects during the bean filling period as 
compared to the flowering and pod setting periods, 
2, The average soil moisture content in the root zone on 
I8l 
a daily basis was estimated for a 21-year series of long term 
soybean plots at Ames, Iowa, for the period three weeks before 
to 10 weeks after first flowering. 
3. The daily soil moisturfe and evaporation pan data 
measured at the site of the long term plots, were then used 
as variables in a selected multiple regression equation de­
veloped in Part I, in order to estimate the RT of the long 
term plots at l400 hours on each day during the critical 
period. 
4. The RT data so obtained were then coded using the 
P/PQ curve versus RT shown in Figure 28 of Part III. This 
was necessary since RT does not appear to have a linear ef­
fect on CO2 assimilation. Thus, for each day, depending on 
the estimated RT value, a value of P/Pq between 0.10 and 1.00 
was assigned. These values for each day during the critical 
period were accumulated and the total, with a maximum value 
equal to the number of days of the critical period, was the 
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index of water stress. 
Estimation of Soil Moisture Profile Under Soybeans 
Method 
Shaw (95) has described in detail a water balance method 
of estimating daily soil moisture content changes during the 
growth cycle of com. In general terms, the method accounts 
for daily gains and losses of water from the soil profile. 
By a simple accounting procedure, based on gains or losses 
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from a measured starting soil moisture profile, a daily es­
timate of soil moisture content in the root zone is obtained. 
A full description of the method will not be given here, the 
reader being referred to the report of Shaw for full details. 
A number of relationships and parameters necessary to provide 
estimates of gains and losses of soil moisture were modified 
using relationships applicable to soybeans. 
Potential évapotranspiration Daily estimates of po­
tential évapotranspiration were obtained by applying the 
E^o/Ep rates developed for soybeans in Figure 19 of Part II. 
Actual évapotranspiration The daily estimate of po­
tential évapotranspiration was corrected for soil moisture 
stress and the evaporative demand conditions on any one day 
by the relative transpiration curves for high (> 0.30 inch 
24 hrs.^), medium (0.20 - 0.30 inch 24 hrs.^) and low (< 
0.20 inch 24 hrsT^) open pan evaporation rates, which are 
presented in Figure 23 of Part II. 
Run-off correction The relationship developed by 
Buss and Shaw (l4) and used by Shaw in the corn method was 
also employed for the soybean method. 
Extraction schedule The extraction schedule was 
based on the modifications to the method of Shaw which were 
introduced by Dale and Hartley (l6). In this latter schedule, 
the pattern of moisture extraction from various profile layers 
as the root zone advances is based on the phenological date, 
rather than calendar dates. 
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Data sources and procedure 
Starting soli moisture profile Dale (15) has described 
In detail the method of Shaw (95) as applied to the problem of 
estimation of soil moisture under corn for a series of long 
term experimental plots over a 30-year period. The lack of 
starting soil moisture profile measurements over this period 
necessitated the estimation of these data based on an Itera­
tive process. Dale checked this method against 9 years of 
soil moisture data and found It was quite accurate. These 
estimates were for plots on which corn had been grown in the 
previous year. These plots were located at the old Agronomy 
Farm at Ames, Iowa. The long term soybean plots on which 
this study is based are located Immediately adjacent to the 
above corn plots on the same soil series, Clarion-Webster. 
A three year rotation of corn - soybeans - oats was followed 
on these plots (in ranges 1700, l800, 1900). Thus, the soil 
moisture estimates on April 1 as derived by Dale for plots 
following one year of corn also provide estimates of the 
starting soil moisture condition in soybeans. 
Phenologlcal data Maturity group variety tests of 
standard varieties were used as a source of yield data in 
this study (see description of yield series section). The 
only phenologlcal dates recorded for these tests were plant­
ing and maturity. The phenologlcal stage most easily recog­
nized and of major importance in terms of development is the 
first flowering stage. This is defined as the stage where 50 
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pei'oer.b oi' the plants per unit area have flowers present in 
the Io\ £-r noies of the stem (usually around nodes 4-6). The 
date of rirst flowering was estimated using the following 
technique. The average period (mean of 5 years of observa­
tions) from planting to first flowering, and from first flow­
ering to maturity (51 and 79 for Hawkeye) were ascertained 
from data of Weber.^ Prom the planting and maturity dates of 
the yield tests two dates for first flowering were ascertained 
using the above average periods. Where these days did not 
coincide, a mean was calculated. This mean date was then 
adjusted according to the deviation of June temperature from 
normal as follows. Where June average temperature for Ames 
was greater than 3^ above average, three days were subtracted 
from the above mean date, for 2°F two days, and 1®P one day. 
A similar adjustment was made for temperatures below normal, 
but in this case the corrections were added to the mean date. 
In this manner, reasonable calendar estimates of the phenolog-
ical stage were possible for the period 1943-1963. This date 
was coded by adding l8 days. This was necessary in order to 
use the adapted corn-soil moisture computer program of Dale 
and Hartley (l6), in which a sliding calendar date was employed 
after July 9. 
^Weber, C. R., Ames, Iowa. Phenological observations on 
soybeans. Private communication. July, I965. 
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Calculations The computer program, as described by 
Dale and Hartley (l6), with modifications appropriate to soy­
beans, was used in all calculations of soil moisture content. 
The input for this program consists of the machine program, 
run-off tables, E^^/Ep table, relative transpiration tables, 
extraction schedule, a starting soil moisture profile on 
April 1 for each year, and the coded phenological date de­
scribed above. The printed output of the modified program 
gives the daily precipitation, evaporation, évapotranspira­
tion without soil moisture stress, the run-off correction, 
adjusted évapotranspiration resulting from the soil moisture 
level which prevails on the day of estimation and the available 
soil moisture in inches by 6-inch profile increments to a depth 
of 5 feet. The program was run for each of the years for which 
yield data were available (19^3-1963). In addition, the tech­
nique was tested by running the program for two locations near 
Ames in 19^5. After an extremely wet spring the soil profile 
was at 100^ of field capacity in this year. Soil moisture was 
measured by gravimetric sampling at various times during the 
year for each of these sites and the results compared with the 
results obtained from the computer estimates. A reasonable 
agreement between actual and estimated was evident. The mag­
nitude of errors of estimation in 19^5 would be rather high 
since rainfall was extremely low throughout much of the summer 
period. Under these conditions any errors in estimating 
were additive over a long period, since heavy falls of rain 
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did not allow the program to start afresh with a full profile 
(and thus cover up past mistakes). 
Estimation of Percent Available Soil 
Moisture in the Root Zone 
The printed output of the soil moisture estimation com­
puter program provides estimates of inches of available soil 
moisture by 6-inch profile Increments to a depth of 5 feet. 
The problem remains as to what layers bo average to arrive at 
a water content for the root zone which may or may not occupy 
the whole profile. A set of rules were developed to answer 
this problem which are based on certain assumptions concerning 
the behavior of plant roots. In this description the 6-inch 
profile Increments are numbered 1-10 beginning at the surface 
layer. 
1. At the beginning of the growing season layers 1 and 
2 are averaged until the average water content of layers 1-3 
exceeds 1-2. Thereafter layers 1-3 are averaged. 
2. Whenever the water content of layer 1 drops below 
32^ available, then layers 2-4 are averaged. 
3. This process continues down the profile (to 5 feet) 
as the layers nearer to the surface dry, always averaging 
three 6" increments on each day. The dropping of a layer 
once it has reached 32$ available is not done if the layer 
below is les-s than 32^. 
4. A return to the surface layers (1-2 or 1-3 whichever 
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is the greatest) is made if this zone is greater than the 
three layers averaged on the previous day. This is necessary 
to take care of a situation where a long period has elapsed and 
then a heavy rain wets the surface layers. 
5. Once the water in the surface layers has been uti­
lized, a return is made to the layers which were being averaged 
immediately prior to the rainfall. 
By application of the above rules, each year is treated 
on the same basis to arrive at an average available soil mois­
ture content (volumetric %) in the hypothesized "wettest l8 
inch" root zone. The figure of 32^ was chosen since this soil 
moisture condition appears to be the boundary where decreased 
capillary conductivity completely masks the effects of day-to­
day weather changes on relative turgidity. In other words, 
below 32^ the soil factors of the water environment are com­
pletely controlling plant-water relations. Peters (78) has 
shown that corn roots do not elongate in soils maintained at 
between 4 and 5 atmospheres of tension. This tension is ap­
proximately equivalent to 32^ available soil moisture in 
Nicollet soil. 
Estimation of Relative Turgidity 
Relative turgidity on a daily basis for each day during 
the critical period of growth, at l400 hours, was estimated 
using Equation 3 of Part I. The matric potential data for 
this equation (X^ was obtained by converting the percent 
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available soil moisture content in the root zone to matric 
potential by use of the equation in Figure 6 of Part I. The 
evaporation pan^data were measured by the same observer^ at 
the same location over the period 19^3-1963 at the Agronomy 
Farm, Ames, Iowa. 
A computer program was prepared which converted soil 
moisture content into water potential in atmospheres, and 
then substituted these data, the evaporation pan data, and 
the interaction between these variables, into Equation 3 and 
calculated the estimated RT at l400 hours. The extrapolation 
of the RT curves as presented in Figure l6 of Part I was uti­
lized in this program to provide daily estimates of RT at 
soil water potentials in excess of 5 atmospheres. 
Calculation of the Index 
The output of the RT estimation program was converted to 
a coded value by use of the hand drawn curve of relative 
photosynthesis (P/P^) in Figure 20 of Part III. In other 
words, for each day the estimated RT at l400 hours was con­
verted to an index of relative photosynthesis ranging between 
0.10 and 1.00. The maximum value of the index for any one 
week is 7.00 and the minimum 0.70. The index thus represents 
an attempt to code the basic RT data, since the relationship 
Acknowledgement is given to the observer C. N. Brown for 
the unusual accuracy and completeness of the evaporation re­
cords . 
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between RT and photosynthesis is not linear, and is not in­
tended to represent the relative photosynthetic rate per se. 
The values of the index were accumulated for periods ranging 
from 1-10 phenological weeks through the growing season, based 
on the estimated phenological data already described. 
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INDEX EVALUATION 
Description of the Yield Series 
In order to obtain a meaningful evaluation of the index 
of water stress during the growing season, it was considered 
important to use a yield series which was relatively homo­
geneous in terms of the other major production factors. The 
data^ selected are reported in the Annual Reports of the Soy­
bean Investigations at Iowa State University for the years 
1940-1963. 
The annual yield tests of adapted varieties included 21 
years (1943-1953) of Hawkeye (medium maturity) in the Group II 
tests. The plots on which the annual tests were conducted 
were located at various positions within one of the following 
officially designated ranges, 1700, 18OO or 19OO at the 
Agronomy Farm, Iowa State University. The three ranges were 
subjected to a corn-soybean-oats rotation. The management of 
the plots was very similar over the entire period, with a sim­
ilar planting rate ( 144,000 beans/acre) and row spacing (40-
42 Inches). The technological variables were thus not as 
Important as in the corn study of Dale and Shaw (17). Fer-
"Acknowledgement is given to Dr. C. R. Weber for his help 
in all work concerned with these data. 
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tility differences from year-to-year may have no significant 
effects on annual yield variation, since soybeans show little 
response to economic rates of fertilizer application on these 
soils (67). Harvesting and general field technique have been 
carried out in a standard manner, the coefficient of variation 
ranging from 5-12^ throughout the period. 
The single factor, other than weather conditions, which 
could be singled out as having any marked influence on the 
annual yield variation, is the factor of soil type. The 
three ranges on which the tests were conducted, are located 
in an area of the Clarion-Nicollet-Webster series and the 
proportion of these soil types varies considerably from one 
range to the next. Dale (15) has shown marked variation in 
the moisture characteristics of the series with depth over 
quite short distances. It is considered that this variation 
in moisture holding capacity and moisture retention at moderate 
and high water potential may have a marked effect on the annual 
yield variation. No attempt has been made to account for this 
variation in this study since accurate records of the exact 
location of the yield tests within each range from year-to-
year are not available. 
The yield quoted in this work represents the mean of four 
replications of each variety in each year. The estimated date 
of first flowering (50^ of plants flowering in the base of the 
plant), as already described, was used to allow the evaluation 
of the index over appropriate phenological periods in each year. 
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Index - Yield Relationship 
In Part III it was established that a variety of soy­
beans, adapted to the soybean region in the northern tier of 
states, is sensitive to water stress during the period from 
2-7 weeks following the first flowering stage. This period 
covers the major flowering, pod development and bean filling 
phases of development in plants not by affected by water 
stress. These data serve to Indicate the relative effect 
of temporary stresses of 4 days duration which are independ­
ent from period-to-period. Under field conditions, such in­
dependent water stresses at specific periods of growth are 
rare. In most situations stress is of longer duration and 
may occur throughout the growing season in an extremely dry 
year or at various periods of growth depending on rainfall 
patterns, soil moisture reserves and atmospheric dryness. The 
index of stress described in the present work is an attempt to 
characterize daily stress conditions based on the internal 
water deficit of a field crop canopy. Having developed a 
daily index, in what way can daily values through the season 
be integrated as an index of seasonal water stresses in view 
of previous observations regarding the type of stresses 
normally evident under field conditions? 
The daily values of the P/P^ index were first accumulated 
on a weekly basis for the 13-week period, beginning 3 weeks 
prior to flowering and ending 10 weeks after flowering. These 
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data were evaluated for the years 1943-1963 based on the es­
timated date of first flowering for Hawkeye. The correlation 
coefficients for the association between the weekly index and 
the mean yield of Hawkeye for the long term plots are shown 
in Figure 33. The magnitude of the correlation coefficients 
increases during the period 1-6 weeks after flowering and were 
significant in 5 of the 6 weeks. The values of the coefficient 
are low and non-significant in the other weeks. These results 
would point to general agreement between the index correlations 
and the water stress experiment described in Part III, regard­
ing the period of growth most susceptible to water stress con­
ditions. The low value of the correlation coefficient (r = 
0.37) in period 3 was most probably an artifact of the sample 
and should not be regarded as physiologically important. 
Errors associated with estimation of phenological dates may 
have contributed to the non-significant coefficient for period 
7. 
The apparent association of the early weeks (periods 1 
and 2) with yield in Figure 33 may be an illustration of the 
"climatological effect" which has been described by Dale and 
Shaw (17) in corn. The non-independence of weekly stress 
indexes in this latter work resulted in highest correlations 
for phenological periods where greatest physiological effects 
were not expected. In other words, where stress conditions 
occur early there is a climatologically greater chance of 
having stress later, and at the physiologically important 
Figure 33. Correlation coefficients for the association between phenological 
week water stress index (P/Pq) and the mean yield of Hawkeye from 
1943-1963 at Agronomy Farm, Ames, Iowa 
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stage of growth. I.e., silking In corn (23). Although the 
data in Figure 33 are not conclusive, this may explain the 
high correlations during periods not indicated by the water 
stress experiment as being more critical. The accumulated 
P/Po index for various periods resulted in the following 
simple correlation coefficients with final yield of Hawkeye: 
Periods 3-5 ^ - 0.63 ** (P < 0.01) 
Periods 2-6 r - 0.71 ** 
Periods 1-7 r = 0.74 ** 
Periods 1-8 r = 0.69 ** 
Tho seasonal index based on summation of the P/Po index 
values for the weeks 1-7 weeks after flowering was selected 
on the basis of the abov^ data and the results of the period 
of growth-water stress experiment as having the greatest 
association with final y'eld. The linear regression model 
Y = a + b X, where Y is the annual mean yield of Hawkeye and 
X the P/Po index for the period 1-7 weeks is shown in Figure 
34. The quadratic term 'as non-significant. A linear and 
quadratic term for trend was also fitted but the t value of 
the regression coefficients was less than 1.0. The absence 
of trend in the yield series (independent of the stress con­
ditions) is most probably a reflection of the lack of response 
to applied phosphorus, potassium and calcium in these soils 
(67). The data points Indicate a concentration of years with 
high yields with only 6 years having yields less than 30 
bushels. The slope of the regression line is strongly de­
197 
pendent on these few low yields. Considering the multitude of 
extraneous factors unaccounted for in the development of the 
index which could cause annual yield variations, the results 
in Figure 34 are quite remarkable. With adequate phenological 
data and possibly more accurate starting soil moisture meas­
urements the results of an analysis of this nature should be 
greatly improved. 
Figure 34. Yield of Hawkeye variety from 1943-1963 at 
Ames, Iowa plotted as a function of the 
seasonal summation (weeks 1-7) of the water 
stress index (P/Po) for each day (maximum 
value = 49) 
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GENERAL DISCUSSION 
The level of plant turgor during the day has been shown 
to be governed by the prevailing base level of turgor, which 
mayJ or may not, be achieved in the early morning hours^ and 
by the quantitative lag of water absorption behind the di­
urnal increase in transpiration rate (Slatyer, 8). In the 
present work the relative turgidity of the top leaves under 
modified field conditions, for both the early morning (Figure 
8) and the mid-afternoon (Figure 9 and Table l) data, was 
linearly related to soil matric potential over the range from 
0-5 atmospheres. These two conditions may be a reflection of 
somewhat different circumstances. The early morning data 
would suggest that the plants have equilibrated with the 
soil moisture in the root zone. This latter implies a linear 
or near-linear relationship between relative turgidity and 
leaf water potential. The linear relationship between rela­
tive turgidity at l400 hours and soil matric potential, which 
was commonly observed on any one day, is probably a reflec­
tion of the close association between soil potential and 
capillary conductivity, rather than direct effect of soil 
matric potential per se. The quantitative lag of absorption 
behind transpiration was probably limited by the stomatal 
closure mechanism under conditions of high atmospheric de­
mand and, or, soil moisture deficits. This effect apparently 
occurred at field capacity where the value of e^-e^ during 
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the middle of the day was above 20 mm* (Figure 11). The 
stomatal closure mechanism has thus limited the development 
of severe water stresses under extreme conditions. 
The apparent critical turgor level at which stomata clo­
sure occurs most rapidly in soybeans has been shown to be in 
the range of RT from 86-83. This range is also coincident 
with a marked decrease in transpiration rate. The field cham­
ber data on net photosynthesis would also indicate the impor­
tance of this particular range of relative turgidity. The 
nature of these latter data does not allow the evaluation of 
the effects of water stress on the various resistances in the 
gaseous phase. 
The multiple regression equation which was developed from 
measurements of RT at a range of soil moisture (matric poten­
tial) and atmospheric demand levels allowed RT to be estimated 
for a series of yield trials. This equation, while empirical 
in nature, was based on the above relationships which show 
close agreement with the prevailing energy concepts in plant 
water relations. 
The development of a daily index of water stress was de­
scribed, based on the estimated relative turgidity at 1400 
hours throughout the critical period of seven weeks following 
first flowering. This index represents a coded relative tur­
gidity value for each day based on the suggested response 
curve of net photosynthesis to decreases in relative tur­
gidity. The summation of the daily index for the above seven-
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week period was associated with 74 percent of the variation 
in long term yield of an adapted soybean variety. Correlation 
of the weekly value of the index with these same yield data 
showed significance of the coefficients during the period 1 
through 6 weeks after flowering. The results of the water 
stress experiment showed a marked effect on yield of a tempo­
rary water stress of four days duration for each week during 
the above period. The close agreement of the correlation 
studies and the water stress experiment, with regard to the 
water stress effects, is strong evidence for the validity of 
the concepts employed in this work. 
The success of the index in explaining annual yield var­
iation due to water stress during the growing season points 
the way for future, more definitive studies of this type. 
The accurate measurement of the effects of seasonal water 
deficits on plant production based on the direct physiological 
reactions of the plant to its environment would provide a 
valuable tool in agricultural research evaluation and extra­
polation. The relative importance of other production factors 
in the agricultural scene, such as fertilizers, genetic im­
provements, and pesticides may then be evaluated in terms of 
weather variations as they affect water stress. 
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